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Abstract 
 The importance of ticks as disease vectors in North America is well recognized.  In 
Iowa, and in the United States generally, ticks are responsible for transmission of the 
majority of arthropod-borne disease agents that impact human health.  The studies 
contained in this dissertation explored the spatial distribution of ticks in Iowa, particularly 
Ixodes scapularis, and the infection of this species with Borrelia burgdorferi, the causative 
agent of Lyme disease.  Further sections focus on a more specific aspect of tick biology 
regarding the capacity of the tick innate immune responses to phagocytose invading 
microorganisms.  We postulated that the phagocytic capacity plays an important role in 
determining the pathogens which survive to be transmitted by ticks.  I examined variation in 
cellular immune responses between tick species in order to illuminate the potential of this 
mechanism to serve as a determinant of vector competence.  The studies described within 
yielded a holistic understanding of the relationship between ticks and the microorganisms 
they carry in the context of the three most commonly encountered ticks in the state of Iowa. 
 The three most common species of human-biting ticks in Iowa are Amblyomma 
americanum, Dermacentor variabilis, and I. scapularis.  Detailed microscopic and flow 
cytometric studies were performed examining hemocyte phagocytosis in these species 
toward a variety of injected model insults including Gram-positive and –negative bacteria, 
and fluorescent beads.  Comparison of the phagocytic responses between tick species to 
the injected insults was performed and flow cytometrically-defined hemocyte populations 
were evaluated for variation in phagocytic response.  Results highlighted several differences 
between tick species and hemocyte types.  Additionally, a flow cytometry-based technique 
was developed for quantifying hemocyte phagocytosis and applied to a variety of arthropod 
taxa.  In the tick D. variabilis, further studies were performed exploring the effect of multiple 
vii 
 
bacterial injections upon the phagocytic immune response.  To isolate hemocyte 
phagocytosis from the humoral aspect of tick innate immunity, the most prevalent 
antimicrobial peptide in tick hemolymph, defensin 1, was suppressed at the transcript level 
using RNA interference.  Defensin 1 transcript was successfully suppressed, allowing for the 
independent operation and observation of the roles of this antimicrobial peptide and the 
phagocytic response.           
 These studies provide a perspective regarding the distribution of human-biting ticks 
in Iowa, their infection with a significant disease organism, and the internal interactions of 
the innate immune response with microorganisms.  In particular it is clear that phagocytosis 
is a critical facet of the tick innate immune response, and contributes significantly to defining 
the role of ticks as disease vectors.    
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Chapter 1 
 
Introduction and Background 
 
1.1 General Introduction 
The overarching objective of the research detailed in this dissertation was to broaden 
our understanding of the ecology and physiology of ticks commonly associated with humans 
and domestic animals in Iowa.  The progression of this research from a large scale to a 
small scale is mirrored in the organization of this dissertation’s chapters, from an ecological 
and organismal level, examining the distribution of ticks over the Iowa landscape, to a 
cellular and molecular level exploring the interactions between the tick innate immune 
system and microorganisms.  Chapter 2 is a manuscript summarizing data from 21 years of 
intensive monitoring of tick distribution in Iowa and the prevalence of infection with Borrelia 
burgdorferi within the vector species, Ixodes scapularis.  Chapter 3 begins the cellular-scale 
exploration of the phagocytic immune responses of the most common species of human-
biting ticks present in Iowa as described in chapter 2.  The phagocytic responses of these 
ticks toward a variety of model organisms are compared and contrasted over time and 
conclusions are drawn regarding species level variations in immune response and the 
composition of hemocyte populations.  Chapter 4 describes in detail the flow cytometric 
technique, utilized in chapter 3, for quantifying the proportion of phagocytic hemocytes in 
virtually any species of arthropod, and compares phagocytic responses between a wide 
variety of arthropod taxa.  In chapter 5, the memory capacity of the tick immune response 
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was explored by dissecting the phagocytic actions of hemocytes from the induction of the 
most abundant antimicrobial peptide in tick hemolymph, defensin 1.  
Author contributions for chapter 4 are:  J.D.O – experimental design, data collection, 
analysis, writing, and editing; J.D.L. – shrimp data collection, manuscript review; G.R.P. – 
mosquito data collection, manuscript review; L.C.B – experimental design, editing.  
1.2 Medically Significant Ticks of Iowa 
 The three most medically significant species of ticks in Iowa, detailed in their own 
sections below, are all hard ticks, members of the family Ixodidae.  The family Ixodidae is 
further divided into two phyletic lineages (sometimes considered subfamilies): the 
monogeneric Prostriata consisting only of the genus Ixodes, and the Metastriata, 
encompassing the other 11 recognized genera of ixodid ticks.  Of the two, Prostriata retains 
the most primitive characteristics and the most speciose single genus.  Examples of 
characteristics considered primitive include an elongate capitulum, a relative dearth of spurs 
and spines, and a tendency toward a nidiculous habitat, all characteristics generally found in 
Ixodes.  Ixodes is also a relatively diverse genus with about 250 species; all 11 metastriate 
genera have fewer than 450 species in total (Camicas et al. 1998).   
Most hard ticks are 3-host ticks, which parasitize a separate host animal for each of 
its three motile life stages: larva, nymph, and adult.  Between life stages, these ticks drop off 
of their host animals to molt into the next developmental stage and, in the case of Ixodes 
adults, mate.  Another primitively retained trait of Ixodes is the production of a 
spermatophore in the male during the nymphal stage, a mating strategy largely eliminating 
male nutritional requirements, at least for the first mating.  Metastriate ticks, in contrast, 
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require a blood meal to produce the spermatophore, mate on the host, and mating is 
prerequisite to female engorgement.   
1.2.1 Amblyomma americanum 
Amblyomma americanum, commonly known as the lone star tick, was the first 
scientifically described species of North American tick (1754, Linnaeus).  Like the other 
significant pest species of ticks in Iowa, A. americanum are three-host non-nidiculous ticks 
that demonstrate little host specificity at any life stage.  In Iowa, adult ticks of this species 
are most active between late April and the end of June, while in nymphs there is a second 
period of somewhat increased activity from late July through mid-August (Figure 1.1).  
Larvae, commonly known as “seed ticks” are most active between June and August (Oliver 
et al. 2010).    
They are generally a woodland-dwelling species which thrives in light to heavy 
woods and scrub.  These ticks are renowned for being highly mobile and sometimes having 
extremely high population densities.  Following the outbreak in the 1940s of what was likely 
a tick-borne illness, “Bullis Fever”, at Camp Bullis, Texas, two often-referenced examinations 
of A. americanum population density on host animals were undertaken (Brennan 1945, 
Webb 1952).  Among other observations, Brennan noted 1,160 nymphs found on a deer’s 
head, 3,064 ticks infesting a grey fox, and 294 ticks removed from one soldier.  Four men 
collected 4,086 adult ticks from beneath a single small tree.  According to Webb’s report, a 
jack rabbit shot near Camp Bullis was infested with 2,951 larvae, 50 nymphs, and 79 adult 
ticks.  During the same month, a single soldier had 1,150 ticks removed.  These tick 
densities have been borne out in more recent studies; up to 2,550 ticks per ear have been 
found on white-tailed deer in Arkansas (Goddard and McHugh 1990).  Thousands of adult 
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and nymphal lone star ticks can be found on beef cattle in Oklahoma during peak months 
(Hair 1979).  Tick-associated morbidity and mortality resulting from exsanguination can be 
significant.  Juvenile white-tailed deer in some regions of the Ozarks are reported to have a 
mortality rate as high as 57% due to excessive lone star tick burdens (Hair 1979). 
 
Figure 1.1.  Activity of A. americanum adults, nymphs, and larvae expressed as a 
percentage of total yearly activity per life stage, 1990-2010, in Iowa. 
  Amblyomma americanum are also implicated in the transmission of a wide range of 
bacterial, rickettsial, and protozoan diseases in North America.  Sylvatic viruses associated 
with lone star ticks have been discovered (Kokernot et al. 1969), but direct evidence for 
human infection with a lone star tick-borne virus is limited.  In Iowa, several pathogenic 
bacterial and rickettsial species have been isolated from A. americanum.  Documented tick 
infections include Ehrlichia chaffeensis, the causative organism of human monocytotropic 
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ehrlichiosis, “Rickettsia amblyommii” an incompletely described putative disease-associated 
rickettsia, and Francisella tularensis, the agent of tularemia (CDC 2002, Mixson et al. 2006).  
Other A. americanum-borne disease organisms not reported, but likely present in Iowa 
include Ehrlichia ewingii, the bacterial agent of canine and human granulocytic ehrlichiosis, 
and Borrelia lonestari, the possible, but not yet proven, cause of STARI, southern tick-
associated rash illness. 
1.2.2 Dermacentor variabilis 
 Dermacentor variabilis represents the most common species of tick in Iowa in most 
years since surveillance began in 1990.  Unlike both A. americanum and I. scapularis, this 
tick species is endemic in, and has been reported from, every county in the state.  In Iowa, 
these ticks are mostly active between the beginning of April and the beginning of August, 
after which date their abundance drops off markedly (Figure 1.2).  Activity of this species 
peaks at the end of May and beginning of June (Oliver et al. 2010).  In some areas of the 
state, these ticks may be extremely abundant; for example, in the last week of May, 2010, a 
fourth grade field trip in Dickinson County produced 273 adult D. variabilis submitted to the 
passive surveillance program. 
 The preferred habitats of D. variabilis are as diverse as the range of environments 
that Iowa provides, with the exception of farmland.  These ticks are most abundant in areas 
of tall grass, and may be surprisingly common within city limits in this type of habitat.  They 
also thrive in brushy areas.  Ticks of this species are not uncommon beneath closed-canopy 
forests, though not as abundant as in more open environments.  Dermacentor variabilis are 
three-host ticks but are more species-limited feeders during the immature stages than A. 
americanum, though adults have a very wide host preference.  Both larvae and nymphs may 
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be found on small mammals, such as deer mice in the genus Peromyscus.  Nymphal ticks 
may occasionally be found on larger members of Carnivora, including dogs and cats.  
Rarely, will D. variabilis nymphs bite humans. 
 Dermacentor variabilis has been implicated in the transmission of two species of 
pathogenic bacteria to humans in Iowa.  Rickettsia rickettsii, the causative agent of Rocky 
Mountain spotted fever, is notable as being the first arthropod-transmitted disease organism 
microscopically visualized in the cells of its invertebrate host.  Like A. americanum, D. 
variabilis is capable of transmitting the tularemia bacterium, F. tularensis.  Ticks in the genus 
Dermacentor, D. variabilis included, may also induce tick paralysis in their hosts, a 
potentially fatal condition.  
  
Figure 1.2.  Activity of D. variabilis adults, nymphs, and larvae expressed as a percentage 
of total yearly activity per life stage, 1990-2010, in Iowa.   
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1.2.3 Ixodes scapularis 
 Ixodes scapularis have become increasingly common in Iowa especially since the 
year 2000 (Oliver et al. 2010).  Specifics regarding expansion of I. scapularis in the state are 
present in chapter 2.  In summary, as of 2010, 65 of Iowa’s 99 counties have submitted at 
least two specimens of I. scapularis to the Iowa Lyme Disease Surveillance Program and 
this species comprised over 30% of submission events.  In Iowa, I. scapularis generally has 
a two year life cycle; eggs are laid and hatch in the spring or summer and successful larvae 
feed soon afterward.  Nymphs feed opportunistically and either molt into adults for 
overwintering or overwinter as nymphs.  Adults which become engorged with blood during 
the spring activity period likely lay eggs immediately to produce larvae active in the summer 
months, while females that feed late in the year will overwinter as adults and lay their eggs 
in the spring.  Figure 2.5 (page 50) details the relative proportion of activity for the different 
life stages throughout the year.  The two periods of adult activity alluded to above are quite 
apparent. 
Ixodes scapularis habitat is primarily limited by humidity.  Larvae and nymphs, in 
particular, are highly susceptible to desiccation if they lack a high-humidity 
microenvironment to retreat to during the hottest, and driest, time of day.  As such,               
I. scapularis are limited to the scattered forest environments found in Iowa.  Peromyscus sp., 
essential hosts for larval ticks, have their highest densities in Iowa’s oak rich forests, relying 
on the abundance of acorns for food.  Most likely, adult ticks are transported over the patchy 
landscape of potential habitat by deer, the population of which is estimated to exceed 
350,000 within the state prior to hunting season each year (Suchy 2009). 
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 Ixodes scapularis is the most significant arthropod vector of disease in the United 
States, with transmissions of Borrelia burgdorferi, the causative agent of Lyme disease, far 
overshadowing the number of cases of any other arthropod-borne illness.  In 2009, over 
38,000 confirmed and probable human cases of Lyme disease were reported throughout the 
country (CDC 2010), while just 720 human cases of West Nile virus, the next most common 
arthropod-borne disease in the United States, were reported that year (CDC 2009).  In 
addition to the spirochete B. burgdorferi, I. scapularis may transmit a variety of other disease 
organisms to humans.  In Iowa, Anaplasma phagocytophila, the causative agent of human 
granulocytic anaplasmosis, has also been reported (Rainwater et al. 2006).  Elsewhere in 
the United States, another pathogen is vectored by I. scapularis: Theileria microti, the 
protozoan agent of human theileriosis, formerly known as human babesiosis before 
ribosomal RNA analysis placed this organism into a different genus (Uilenberg 2006). 
 Prevention is considered the most effective method of controlling Lyme disease 
(American Academy of Pediatrics 2000, Hayes and Piesman 2003, Wormser et al. 2006).  It 
is possible to achieve a solid understanding of the risk of contracting Lyme disease by 
identifying ticks to which people are exposed, their development stage, and engorgement, 
according to the Infectious Diseases Society of America (Wormser et al. 2006).  In addition, 
monitoring tick populations and B. burgdorferi infection rates facilitates identification of at-
risk areas.  In response to this need for risk assessment, and in answer to increasing 
concern regarding the presence of Lyme diseases in the state, the Iowa Lyme Disease 
Surveillance Program was established. 
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1.3 Iowa Lyme Disease Surveillance Program 
 Initiated in 1989 by Dr. Wayne Rowley, the Iowa Lyme Disease Surveillance 
Program began receiving ticks in 1990.  As a passive surveillance program, ticks are 
solicited from health care providers, veterinarians, and the general public.  The program has 
been in continuous operation for 21 years and has developed a dataset consisting of nearly 
10,000 ticks, the vast majority of which were acquired within Iowa.   
 A passive surveillance program has some faults in comparison with objective active 
surveillance.  Most notably, the quantity of ticks attained from a region through submission 
to the program does not directly correlate with the absolute abundance of ticks present in 
that region.  Confounding factors, such as local human population and degree and type of 
recreational land use, can overshadow absolute measurement of tick abundance.  In 
contrast, the abundance of specimens acquired provides a much larger dataset than can be 
gathered using active surveillance methods, and at relatively little cost.  Passive surveillance 
programs have been demonstrated to provide accurate qualitative information regarding tick 
species and disease organism distribution (Johnson et al. 2004). 
 The program methodology has changed somewhat over the years, becoming more 
efficient.  A brief summary of the current process follows.  First, specimens are mailed in to 
the program by the submitter, generally in a first-class envelope.  Ticks are then identified 
microscopically to determine species, life stage, and engorgement status.  Detailed data 
regarding the specimen are entered into a software spreadsheet and any accompanying 
documentation, in the case of I. scapularis submissions, is retained and filed.  Specimens 
are then stored individually in 70% ethanol for future disease testing, morphological, or 
genetic analysis.  Ixodes scapularis specimens are sent to the University of Iowa Hygienic 
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Laboratory (Iowa City, IA) for B. burgdorferi testing.  Finally, a postcard reply is sent to the 
submitter with information regarding the specimen’s species, life stage, and engorgement 
status (see figure 2.1, in chapter 2).  Since 2008, the program no longer provides                
B. burgdorferi infection data for individual ticks. 
 In addition to providing a responding postcard to submitters, which includes contact 
information in case of questions, data from tick submissions is collated and mapped using 
GIS software (ARCGIS, Esri, Redlands, CA).  Cumulative tick and B. burgdorferi distribution 
maps are posted biweekly online on the Iowa State University Medical Entomology 
Laboratory website (http://www.ent.iastate.edu/medent/surveillance).  Additionally, extension 
publications regarding tick and disease distribution in Iowa have been published and 
updated to inform the public of the Iowa Lyme Disease Surveillance Program’s activities 
(Oliver et al. 2010).     
 The ecology, biology, and broad host ranges of the three human-biting tick species 
common to Iowa overlap significantly, such that all feed on similar hosts.  In particular, all 
three species are commonly found in forested areas and in proximity to Peromyscus mice, 
the primary vertebrate host to numerous sylvatic disease organisms.  Therefore, there is 
significant potential for any of these ticks to come into contact with B. burgdorferi.  Despite 
this, only I. scapularis is a competent vector, capable of becoming infected with, and 
transmitting, the spirochete.  We postulate that the innate immune responses of the tick is a 
major factor in determining the vector competence of that host for a disease organism as is 
the case in other vector species (Beerntsen et al. 2000).   
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1.4 Arthropod Immune Responses 
The immune response in arthropods, by and large, is limited to an innate immune 
capacity.   Despite lacking the adaptive immune responses of vertebrate animals, the 
immune capacity in arthropods is a highly complex and an effective means of controlling 
infection.  Because of this, the host immune response is likely a significant factor 
contributing to vector competence.  
Throughout the phylum, arthropod groups vary in their reliance on the various 
effector arms of an innate immune response system.  Immune responses, such as 
melanization or coagulation, which are heavily relied upon by one group of arthropods, such 
as Lepidoptera and Crustacea, respectively, are not present in other taxa.  Ticks, for 
example, lack both melanization and coagulation immune responses.  Even immune 
responses deeply rooted in the physiologies of the cells involved can be extremely variable, 
for example the phagocytosis of particulate pathogens by arthropod hemocytes.  In some 
species, the majority of hemocytes engage in widespread phagocytosis; while other 
arthropod lineages, e.g. caridean shrimp, initiate widespread phagocytosis only under 
specific circumstances such as following injection with lipopolysaccharide-rich bacteria 
(Deachamag et al. 2006). 
Several fairly discrete systems comprise the arthropod innate immune response, but 
the actual components utilized may vary greatly between species and will be described in 
the remainder of this section. 
 The components of the arthropod innate immune system are traditionally divided into 
two categories: cellular or humoral.  This dichotomy may, however, be largely arbitrary 
because some immune signaling mechanisms are known to function in both systems, and 
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some antimicrobial peptides are secreted by hemocytes into the hemolymph plasma (Ceraul 
et al. 2003, Uvell and Engstrom 2007).  Cellular (or cell-mediated) immune responses are 
initiated directly by the circulating hemocytes that come into contact with pathogens in the 
hemocoel.  Cellular immune responses include phagocytosis, microaggregation, 
encapsulation and nodulation, and clotting (Strand 2008, Vazquez et al. 2009).  Humoral 
immune responses are triggered by extracellular factors found in the plasma of the 
hemolymph and include the production of antimicrobial peptides and, in mosquitoes, 
humoral melanization. 
1.4.1 Phagocytosis 
 Phagocytosis is a truly ancient physiological behavior likely dating back to the first 
free-living eukaryotic cells.  Phagocytosis, literally translated as “cellular eating”, is one of 
the three types of endocytosis.  The other two types include pinocytosis (or “cellular 
drinking”) and receptor-mediated endocytosis.  In phagocytosis, a cell surrounds a particle 
with pseudopodia and subsumes it into a membrane-enclosed vacuole, typically a 
phagosome, within the cytoplasm of the cell.  This vacuole fuses with a lysosome becoming 
a phagolysosome.  Lysosomal vacuoles contain hydrolytic enzymes that function optimally 
at about pH 5, which is maintained by pumping hydrogen ions from the cytosol across the 
lysosomal membrane.  The enzymes break down the phagocytosed particle and the 
resulting digestion products become nutrients for the cell after passing into the cytosol 
(Desjardins et al. 2005).   
 In arthropods, phagocytosis is utilized to varying degrees as an immune response 
toward pathogens encountered in the hemolymph.  Additionally, some primitive arthropods, 
including most members of subphylum Chelicerata, rely heavily on intracellular digestion by 
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specialized, phagocytic epithelial cells lining the gut.  These cells engulf food particles or 
liquids via phagocytosis or pinocytosis in order to extract nutrients from the food substrate.  
Higher chelicerates, such as spiders, use a combination of intracellular digestion and 
enzymes secreted into the gut lumen to digest their meals.  Ticks and mites are thought to 
rely much more heavily on the intracellular component of digestion (Sonenshine 1991).  
Salivary enzymes are involved in digestion in several species of mites, though this has not 
been demonstrated in ticks (Krantz and Walter 2009).  Intracellular digestion is not utilized 
by higher arthropods, such as insects, which rely upon extracellular, enzyme-based 
digestive processes (Klowden 2007). 
 As an immune response, phagocytosis exhibits numerous advantages in comparison 
to the other components of the immune system.  Cellular responses are generally fast acting 
in comparison to the humoral response, and phagocytosis is the fastest acting immune 
component of some arthropods.  This is particularly evident in phagocytosis and the 
production of antimicrobial peptides as immune responses.  For example, in the ixodid tick 
D. variabilis, Escherichia coli injected into the hemocoel of the tick is entirely eliminated by 
hemocyte phagocytosis within hours of injection (Ceraul et al. 2002).  Dermacentor variabilis 
challenged with Rickettsia sp. have been examined over time for expression of three 
antimicrobial peptides: defensin 1, defensin 2, and lysozyme.  Of the three peptides, 
defensin 1 is the most significantly involved in defense against bacteria including both 
Gram-positive and –negative species, and is expressed primarily by hemocytes.  Transcript 
levels of defensin 1 remain low at 24 hours post-exposure, and increase to maximum levels 
by 48 hours post-exposure (Ceraul et al. 2007).  Taken together, these data indicate that by 
the time defensin 1 is upregulated, hemocyte phagocytosis has entirely eliminated bacteria 
in the hemocoel.  Rapid hemocyte phagocytosis and delayed production of antimicrobial 
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peptides also have been demonstrated in the mosquito, Aedes aegypti (Bartholomay et al. 
2004), and the beetle, Tenebrio molitor (Haine et al. 2008a), suggesting that this immune 
relationship likely represents the rule, rather than the exception. 
 An advantage of phagocytosis over other cellular immune responses is that it is does 
not destroy the hemocytes involved.  Hemocytes may phagocytose and digest challenge 
organisms without any long-term negative impact on the cell.  In contrast, other cellular 
immune responses, such as encapsulation and nodulation, are end-point immune 
responses that mandate the death of the cell by lysis or melanization, which could constitute 
a disadvantage in hemocyte-limited organisms. 
1.4.2 Encapsulation/Nodulation 
 Encapsulation is a cellular response of hemocytes to foreign bodies found in the 
hemocoel that are too large to be phagocytosed by the hemocytes.  Encapsulation involves  
surrounding a foreign body with layer of hemocytes to starve the object of oxygen and limit 
its contact with the tissues of the insect (Klowden 2007).  In the traditionally recognized 
system of encapsulation, both granulocytes and plasmatocytes are involved in the process.  
Following the release of chemical signals by granulocytes stimulating aggregation of the 
hemocytes, plasmatocytes begin adhering to the surface of the object and flatten out.  A wall 
several layers thick composed of living and dead plasmatocytes eventually surrounds the 
object (Ratcliffe and Gagen 1976).  Melanin formed by phenoloxidase-containing 
plasmatocytes further serves to strengthen the capsule and renders additional, potentially 
fatal, damage to the organism through the production of cytotoxic compounds such as 
quinone methide and the release of free radicals derived from oxidized chloride and nitric 
oxide ions (Nappi et al. 2009).  The encapsulation process ends when a basement 
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membrane-like coating is applied to the capsule, terminating the hemocytes’ non-self 
response (Liu et al. 1998).   
 Nodulation is a cellular immune response, related to encapsulation, involving 
aggregation of hemocytes.  Nodules are formed by hemocytes to trap a concentration of 
bacteria.  To form a nodule, hemocytes aggregate around the contaminated area and 
produce a ropey extracellular matrix that traps the invading organisms (Ratcliffe and Gagen 
1977).  This often involves the degranulation and destruction of the cell involved.  In some 
arthropods, large nodules may become encapsulated to further prevent the spread of 
bacterial infection (Klowden 2007). 
1.4.3 Melanization 
 Melanization as an immune response may be either cellular, associated with the 
encapsulation process as noted above, or humoral.  In both cases, melanization is initiated 
by the release of prophenoloxidase from the hemocytes.   Prophenoloxidase becomes 
activated by a serine protease, prophenoloxidase-activating enzyme (itself activated by 
pathogen-associated membrane proteins), to become reactive phenoloxidase.  
Phenoloxidase converts tyrosine derived phenols into quinones, with an ultimate end 
product of either type of melanin found in arthropods: eumelanin or pheomelanin (Nappi et 
al. 2009, Vavricka et al. 2010). 
 Cell-mediated melanization is often observed as a wound-healing response or is 
associated with encapsulation, as mentioned above.  This form of immune response is 
hemocyte-intensive, destroying large numbers of hemocytes in the process.  Hemocyte-
limited arthropods, such as some of the adult stages of insects which lack hematopoietic 
organs, may rely on a non-hemocyte-intensive melanization strategy.  In mosquitoes, a 
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group of insects in which humoral melanization is relatively well-studied, specialized 
hemocytes degranulate in close proximity to certain species of bacteria or multicellular 
parasites such as filarial nematodes (Hillyer et al. 2003).  In doing so, the cells release 
prophenoloxidase onto the target organisms, which is quickly converted into phenoloxidase 
to catalyze the deposition of melanin directly onto the surface of the pathogen (Christensen 
et al. 2005, Nappi et al. 2009). 
1.4.4 Clotting 
 Hemolymph clotting or coagulation is utilized by arthropods as a wounding response 
to reduce hemolymph and water loss due to perforated cuticle, and exposure to external 
pathogens (Theopold et al. 2004, Cerenius and Söderhäll 2011).  In some arthropods, 
particularly crustaceans and horseshoe crabs, hemolymph clotting is employed as a robust 
immune response to bacterial infection. 
 Clotting results when clottable protein, found abundantly in the plasma of the 
hemolymph, is activated by the enzyme transglutinase, following its release into the plasma 
by hemocytes.  Hemocytes release transglutinase upon detection of lipopolysaccharide 
(LPS) molecules by membrane-specific receptors found upon the surfaces of the cells (Ariki 
et al. 2004).  Because release of transglutinase is stimulated primarily by LPS, the clotting 
immune response defends mainly against Gram-negative bacteria.   The exact chemical 
process involved in clottable protein cross-linking and the concomitant coagulation varies 
between crustaceans, such that in some species clotting is dependent simply on direct 
transglutinase-induced cross-linking of clottable protein so long as sufficient calcium ions 
are present (Kawabata et al. 1996).  The clotting of Limulus amebocyte lysate, produced 
from horseshoe crab hemolymph, is such a sensitive assay for the presence of LPS in a 
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substrate that hemolymph from this arthropod is routinely used to ensure that vaccines, 
intravenous medicines, and medical devices are free from bacterial contamination (Smith 
and Berkson 2005).  
1.4.5 Antimicrobial peptides 
  Antimicrobial peptides (AMPs) are a diverse class of small proteins involved in the 
innate immune response of both vertebrate and invertebrate animals.  These peptides are 
generally small ranging from 12 to 50 amino acids in length.  At least three broad, 
structurally-defined types of AMPs are found in arthropods: cysteine-absent cationic α-
helical peptides (such as cecropin), specific amino acid-enriched cationic peptides (such as 
abaecin), and peptides that contain cysteine and form disulphide bonds (such as defensin) 
(Bulet and Stocklin 2005).  In Drosophila, two well-defined cascading signaling pathways 
control the expression of genes responsible for the production of AMPs.  The Toll pathway is 
activated primarily by exposure to the surface proteins of fungi and Gram-positive bacteria 
and leads to the secretion into the hemolymph of AMPs thought to be more effective at 
combatting these threats, such as drosomycin (Zhang and Zhu 2009, Valanne et al. 2011).  
The immune deficiency pathway, activated primarily by exposure to Gram-negative bacteria, 
produces other types of AMPs including defensins and cecropins (Govind 2008). 
 Defensins represent the most widely studied class of antimicrobial peptides in ticks, 
and likely comprise the most important group of AMPs involved in immune response in 
these organisms.  From the argasid tick, Ornithodoros moubata, four defensin isoforms have 
been reported, and full-length sequences produced (Nakajima et al. 2002).  In ixodid ticks, 
two defensin isoforms have been identified and characterized to some extent.  Production of 
both defensin types can be induced by blood feeding or exposure to microorganisms 
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(Rudenko et al. 2005).  Defensin 1, the most abundant AMP in the hemolymph of 
D. variabilis, is produced almost exclusively by the hemocytes, with only slight expression in 
other tissues.  Defensin 2 is produced in much lower quantities than defensin 1, with 
significant production in the midgut, ovaries, fat body, and salivary glands (Ceraul et al. 
2007).  Although many taxonomically diverse groups of microorganisms, including Gram-
positive bacteria, Gram-negative bacteria, spirochetes, and rickettsiae stimulate production 
of defensin and other AMPs in ticks (Sonenshine et al. 2002), direct negative effects of 
defensin upon bacterial viability has been observed mainly in response to Gram-positive 
species, with only a few experiments examining the effects of defensins upon other types of 
microorganisms (Nakajima et al. 2003, Tsuji et al. 2007, Isogai et al. 2009).  Chapter 5 
documents increased survival of bacteria upon repeated exposure to E. coli in ticks in which 
transcript for defensin 1 was suppressed using RNAi.     
1.5 Pathogenic and Commensal Tick-Associated Microorganisms 
The best studied microorganisms associated with ticks are those responsible for 
disease in humans and our companion animals.  The first well-studied tick-borne disease 
organism was Rickettsia rickettsii, named for Howard T. Ricketts who discovered the 
disease in 1906.  In addition to discovering its primary vector tick, D. andersoni, Ricketts 
filtered the bacteria from the blood of infected humans, and noted its apparent presence in 
freshly laid eggs of the tick (as “minute polar staining bacilli”) representing the first direct 
evidence of transovarial transmission of an arthropod-borne disease (Cunha, 2008).   
Because infection of the salivary glands or ovaries is essential for the transmission of 
disease organisms to the vertebrate host or for transovarial transmission to the next 
generation, pathogenic organisms are exposed to tick hemocytes when crossing the 
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hemocoel between the midgut and salivary glands (Ribeiro et al. 1987, Gilmore and 
Piesman 2000, Ueti et al. 2007).  In the context of hemocytes and innate immunity, a 
hemocytic tissue tropism for tick-associated bacteria has been shown for Rickettsiae spp. 
that infect hemocytes prior to establishing a systemic infection (Santos et al. 2002).  
Bacteria infecting tissues outside of the midgut have an intimate, inimical or cooperative, 
relationship with tick hemocytes and the associated immune response.  A variety of 
organisms are described below, both pathogenic and presumably mutualistic, that have 
been associated with tissues outside of the midgut in the tick host. 
1.5.1 Obligate intracellular bacteria 
The majority of bacteria associated with ticks, particularly those which are 
transmitted transovarially, are obligate intracellular bacteria.  Some of these are disease 
organisms, such as Cowdria ruminantium, Anaplasma phagocytophila, and members of 
genus Ehrlichia, but many are apparently symbionts.  A few genera, such as Rickettsia, 
comprise both virulent and endosymbiotic member species (Felsheim et al. 2009).  Although 
all of the obligate, small, intracellular bacteria typically present in ticks were once considered 
part of a single order, Rickettsiales, higher level classifications have changed resulting in the 
movement of some genera to different orders or even classes (for example, Coxiella is now 
a gamma-proteobacteria rather than an alpha-proteobacteria (Weisburg et al. 1989)).   The 
sections below describe some major genera of obligate intracellular bacteria found in ticks 
and provide a cursory overview of source material. 
Anaplasma 
 Anaplasma sp. are responsible for a number of high mortality veterinary diseases, 
primarily among ungulates.  Anaplasma marginale is a significant tick-borne pathogen of 
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cattle endemic to tropical and subtropical regions, including parts of North America (Kocan 
et al. 2010).  One species, A. phagocytophilum causes human granulocytic anaplasmosis 
and was, until fairly recently, considered a type of Ehrlichia.  Some Anaplasma species may 
be transovarially transmitted and all may be transstadially transmitted (Stich et al. 1989, 
Piesman and Gage 1996).   
Coxiella 
 Coxiella burnetii, the causative agent of Q-fever, has been found in a wide variety of 
tick species and insects.  Human contraction of Q-fever is not typically from exposure to 
infected arthropods but rather from exposure to infected ungulates or infectious materials 
from the vertebrate host (Piesman and Gage 1996).  Other Coxiella species have been 
found in both hard and soft families of ticks (Noda et al. 1997).  These other species appear 
to be symbionts, though their role varies between tick species.  In A. americanum, reduced 
larval survival was observed in ticks where the quantity of Coxiella symbionts were 
antibiotically reduced but Rickettsia symbiont quantities were not, indicating a possible 
association between Coxiella and reproductive success (Zhong et al. 2007).  Only these two 
bacteria were measured in this study, however, so it’s possible that an unnoticed, but 
antibiotically reduced, bacteria was responsible for the decline in larval/egg viability.  
Coxiella may be transmitted transovarially (Clay et al. 2008). 
Cowdria 
A single species, Cowdria ruminantium, is known in this genus, the causative agent 
of heartwater in livestock.  In vector Amblyomma species, this bacterium is transmitted 
neither transstadially nor transovarially.   
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Ehrlichia 
 The genus Ehrlichia comprises several species of medical and veterinary 
importance, all of which are vectored by hard ticks.  Species of Ehrlichia are pathogenic to a 
variety of mammal species including humans, canines, ruminants, and horses (Madigan and 
Pusterla 2000, Peter et al. 2002, Nicholson et al. 2010).  Now that Anaplasma 
phagocytophila is no longer consider an Ehrlichia, one species in the genus is responsible 
for almost all human infections, E. chafeensis, vectored by A. americanum.  White-tailed 
deer are known to be a natural vertebrate reservoir for E. chafeensis (Dawson et al. 1994).  
This species of Ehrlichia appears to be reliant on the vertebrate host in order to be 
maintained in a zoonotic disease cycle as it is not transovarially transmitted (Long et al. 
2003).  Ehrlichia ewingii, the agent of canine granulocytic ehrlichiosis, has been known to 
occasionally infect humans, as well (Buller et al. 1999). 
Rickettsia  
 Tick-borne rickettsial bacteria range from being highly pathogenic, such as Rickettsia 
rickettsii and R. conorii, to relatively innocuous, such as R. amblyommii, to totally non-
pathogenic to humans, such as R. montanensis.  Most, if not all, rickettsias of ticks are in the 
spotted fever group (Clay et al. 2008).  Rickettsia may be both transstadially and 
transovarially transmitted.  In some associations, harboring rickettsial symbionts serve an 
important mutualistic function.   
Wolbachia and Arsenophonus 
 In insects, members of these genera generally act as sexual parasites, manipulating 
the biology of hosts to encourage increased dissemination of the bacterial genetic material.  
Because infections with these bacteria are often only passed on by females to their 
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offspring, host biology may be manipulated to eliminate male offspring through male-killing 
or transformation into females.  These strategies result in a distortion of the female to male 
sex ratio which has not been observed in ticks (Clay et al. 2008).  An even more common 
strategy for control of host biology to benefit a sexual parasite is cytoplasmic incompatibility 
in which infected males mate but are unable to successfully reproduce with uninfected 
females.  In non-insects, such as nematodes, Wolbachia have developed an apparent 
mutualistic relationship with their hosts, are essential to the production of eggs, and show 
phylogenetic divergence tightly congruent with the speciation of their hosts indicating a very 
long-term association.  It is unknown whether either genus has a parasitic or mutualistic 
relationship with their tick hosts.  Arsenophonus sp. have been isolated from D. variabilis 
and A. americanum ticks (Grindle et al. 2003, Clay et al. 2008), and Wolbachia from species 
of Ixodes (Benson et al. 2004).   
1.5.2 Extracellular bacteria 
Borrelia 
 A wide variety of Borrelia spp. have been isolated from ticks.  Particularly numerous 
are the constituents of the clade termed “Borrelia burgdorferi sensu lato.”  Most of these 
species cause symptoms clinically similar or identical to the Lyme disease of North America 
caused by Borrelia burgdorferi sensu stricto.  These spirochetes are extremely well-adapted 
to surviving in the midguts of ticks in the genus Ixodes within the I. ricinus taxonomic 
complex (subgenus Ixodes).  Though some studies have indicated occasional transovarial 
transmission of these bacteria, it is not considered typical or common (Patrican 1997).  Ticks 
outside of the genus Ixodes will occasionally test positive for the presence of B. burgdorferi 
but are apparently unable to transmit the bacteria.  Bacteria are unable to survive migration 
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through the hemocoel to the salivary glands (Buresova et al. 2009) or, once they have 
arrived in the salivary glands, are eliminated by tick salivary secretions, as has been 
demonstrated in vitro (Ledin et al. 2005). 
  “Southern tick-associated rash illness” (STARI), also known as Master’s disease, is 
a relatively mild Lyme disease-like illness characterized, like Lyme disease, by erythema 
migrans, the bull’s-eye rash.  Exposure to bites of A. americanum appears to be associated 
with human development of STARI.  Though the etiologic agent of STARI is unknown, the 
principal candidate species of bacteria is Borrelia lonestari, a species of Borrelia outside of 
the Borrelia burgdorferi sensu lato group.  Borrelia lonestari has been isolated from 
Amblyomma americanum and has been directly associated with at least one case of 
erythema migrans (Barbour et al. 1996, James et al. 2001).  An alternative hypothetical 
etiologic agent, Rickettsia amblyommii, has recently been proposed (Nicholson et al. 2009). 
 Several species of relapsing fever borreliae are also known and occasionally afflict 
humans in the US, particularly in the arid Southwestern states.  These are all transmitted by 
soft ticks in the genus Ornithodoros.  Little is known about these North American Borrelia 
spp. but African tick-borne relapsing fever, caused by B. duttoni, is a severe disease in parts 
of Africa, and has been extensively studied.  Unlike other tick-borne bacterial diseases, it is 
maintained entirely in a lifecycle between ticks and humans.  Pigs may serve as an 
alternative host to the tick but do not acquire a bacterial infection.  Borrelia duttoni is not 
transovarially transmitted but is transstadially transmitted (Tabuchi et al. 2008).    
Other extracellular bacteria 
 Many other bacteria, both pathogenic and non-pathogenic are known to reside inside 
ticks.  Francisella tularemia, and Aegyptionella are both pathogenic, but uncommon, 
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bacteria.  Clay et al. (2008) described finding 9 orders of bacteria in A. americanum ticks, 8 
orders of which included species that were transmitted transovarially.  The interaction 
between ticks and the non-pathogenic bacteria they host is almost totally unknown, though 
it’s likely that some of these bacteria perform mutualistic, symbiotic functions. 
1.5.3 Non-bacterial tick-borne microorganisms 
 Two tick-borne viruses are known to be present in the United States, though neither 
has been reported in Iowa.  Colorado tick fever (CTF) is an orbivirus in the genus Coltivirus, 
transmitted by Dermacentor andersoni, a species absent in Iowa.  Powassan virus is a 
member of the tick-borne encephalitis (TBE) complex of flaviviruses.  It occurs throughout 
North America transmitted by ticks in the genus Ixodes.  Ixodes scapularis is a competent 
vector of the disease in laboratory studies, and there is concern that it could become 
involved in the natural cycle of transmission.  It is not currently considered a significant 
vector of the virus, however.  
 A single tick-borne protozoan parasite species, Theileria microti, is transmitted from 
ticks to humans in the United States.  Formerly considered a member of the genus Babesia, 
ribosomal RNA analysis showed greater similarity to organisms in its sister genus Theileria, 
though the human disease continues commonly to be called babesiosis.  Despite being 
transmitted primarily by I. scapularis, no human cases of the disease, or direct isolations of 
the organism from ticks or wildlife, have been reported from Iowa.  Minnesota reports 
numerous human cases of theileriosis each year, many of them associated with tick bites of 
I. scapularis and occasional co-infection with B. burgdorferi (Minnesota DPH 2010).  This 
highlights the possibility that Theileria-infected ticks may be present in Iowa. 
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 Ticks have been implicated in the transmission of various nematode species as a 
component of sylvatic disease cycles.  An example from North America includes the 
transmission of microfilariae to groundhogs by Ixodes cookei (Ko 1972).  Dipetalonema 
dracunculoides, a canid filarial nematode that may occasionally infect humans, successfully 
infects brown dog ticks, Rhipicephalus sanguineus in which it may be transstadially 
transmitted, and can develop to a transmissible stage in nymphs of that species, implicating 
it as a potential route of transmission (Olmeda-Garcia et al. 1993, Olmeda-Garcia and 
Rodriguez-Rodriguez 1994).  Regarding tick species commonly found in Iowa, microfilariae 
identified as Muspicea sp. have been dissected from the guts of I. scapularis (Beaver and 
Burgdorfer 1984, 1987).  There is, however, no evidence for the transmission of filarial 
disease organisms to humans in North America. 
 Bacteria, viruses, and filarial worms transmitted by ticks all come into contact with 
hemocytes.  I believe, and the research of this dissertation supports, that both effector arms 
of the innate immune responses, derived from hemocytes, strongly influence vector 
competence. 
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Chapter 2 
 
Distribution, Range Expansion, and Seasonality of Ixodes 
scapularis Ticks in Iowa, and Infection with Borrelia burgdorferi 
 
Jonathan D. Oliver and Lyric C. Bartholomay 
 
Abstract 
 The Iowa Lyme Disease Surveillance Program, established in 1990, is a long running 
passive surveillance program dedicated to monitoring the distribution of the blacklegged tick, 
Ixodes scapularis, and its infection status with Borrelia burgdorferi, the causative agent of 
Lyme disease.  In the years since this program was established, particularly in the last 
decade, the range of I. scapularis has expanded significantly, infesting 65 of Iowa’s 99 
counties.  Factors possibly contributing to this species’ range expansion include increasing 
availability of humid, forested habitat in Iowa, and sustained high populations of white-tailed 
deer, Odocoileus virginianus, to provide transportation between habitat sites.  The 
proportion of ticks infected with B. burgdorferi had increased from 12.1% in 2001 to 21.1% 
by 2010.  Active surveillance performed at selected sites from 2007 – 2009 produced 
similar, somewhat lower, rates of B. burgdorferi infection relative to the passive surveillance 
program.  29.8% of active surveillance-acquired ticks were infected with Anaplasma, the first 
time these bacteria have been sought and found in Iowa hard ticks. 
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2.1 Introduction 
The most significant arthropod vector of disease to humans in the United States is 
the blacklegged tick, Ixodes scapularis (Acari: Ixodidae), which is known to transmit several 
disease organisms, including those responsible for Lyme disease, human granulocytic 
anaplasmosis, and Powassan virus (Gratz 2006). From 2003 to 2005, over 64,000 new 
cases of Lyme disease alone were reported (CDC 2007).  In comparison, only 15,401 cases 
of West Nile virus, the most common mosquito-transmitted disease in the U.S., were 
reported during the same time span (CDC 2011).  In 2009 alone, 38,468 confirmed and 
probable cases of human Lyme disease were reported by the CDC (CDC 2010), while only 
720 cases of West Nile virus were noted that year (CDC 2009).  Though very few fatalities 
result directly from Lyme disease, the number of people affected, and suffering from long-
term debilitation as a result of infection, underscores the public health importance of this 
illness. Additionally, the expanding distribution of Lyme disease and its vector tick in the 
midwestern and northeastern U.S., and annual increases in the number of reported cases, 
illustrate that this disease continues to be of significant concern to public health (Lingren et 
al. 2005, Hanincova et al. 2006). 
 The bacterium Borrelia burgdorferi is the causative agent of Lyme disease in the 
United States and abroad.   By monitoring the presence and spread of the blacklegged tick, 
and the prevalence of its infection with B. burgdorferi, at-risk areas may be identified and 
efforts may be made to prevent human exposure to the disease.  In 1989, due to increasing 
public concern about Lyme disease, the Iowa Lyme Disease Surveillance Program (ILDSP) 
was founded to monitor tick activity and the infection rate of susceptible ticks.  Since its 
establishment, the ILDSP has identified, catalogued, and tested thousands of I. scapularis 
ticks for the presence of B. burgdorferi.  Analysis of this large dataset allows for significant 
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insight into the spread of blacklegged ticks and their increasing rate of infection with 
B. burgdorferi in Iowa. 
 In addition to I. scapularis, two other species of human-biting ticks are commonly 
submitted to the ILDSP: the lone star tick, Amblyomma americanum, and the American dog 
tick, Dermacentor variabilis.  These three species represent more than 95% of specimens 
submitted.  Amblyomma americanum and D. variabilis have consistently been shown not to 
transmit B. burgdorferi (Piesman and Sinsky 1988, Piesman and Happ 1997, Soares et al. 
2006), though both species may naturally acquire an infection with the bacteria (Schulze et 
al. 1984, Anderson et al. 1985, Taft et al. 2005).  Other than Lyme disease, ticks transmit a 
wide variety of pathogens including bacteria, viruses, and filarial worms (Beaver and 
Burgdorfer 1987). In Iowa, six separate disease organisms are documented and can be 
attributed to the three common species of human-biting ticks (I. scapularis, D. variabilis, and 
A. americanum), and three more tick-borne diseases are suspected present within the state 
(Table 2.1).  Seropositive white-tailed deer have previously been found in the state 
(Rainwater et al. 2006).   This paper provides the first examples of Iowa ticks, acquired 
through active surveillance, being infected with Anaplasma.   
 Using 21 years of passive and active surveillance data, we document the expanding 
range and increasing prevalence of B. burgdorferi infection in I. scapularis ticks in Iowa.    All 
nymphal and adult I. scapularis encountered were tested for the presence of B. burgdorferi; 
ticks of other species and larval blacklegged ticks which have not yet come into contact with 
the disease by feeding on an infected animal, were not tested.  Transovarial transmission of 
B. burgdorferi in I. scapularis is so unusual that larval ticks are not considered a significant 
vector of Lyme disease (Piesman et al. 1986, Magnarelli et al. 1987, Patrican 1997).   
36 
 
2.2 Materials and Methods 
2.2.1 Passive surveillance 
The Iowa Lyme Disease Surveillance Program (ILDSP) is a passive surveillance 
program monitoring the prevalence and spread of ticks within Iowa.  Systematically acquired 
data from this program originated in 1990 and continues today.  As a passive surveillance 
program, ticks are submitted by medical and veterinary professionals, government workers, 
and the residents of Iowa for species identification and, if appropriate, testing for the 
presence of B. burgdorferi.  In its 21 years of operation, nearly 10,000 specimens have been 
processed.  Passive surveillance programs for ticks have been demonstrated to reliably 
provide information regarding vector and pathogen distribution (Johnson et al. 2004).    
   Tick specimens submissions are broadly solicited from health care providers and the 
general public.  Upon receipt of a submission, the ILDSP identifies the tick species, stage, 
and engorgement status and a postcard summarizing this information is mailed to the 
sender.  The infection status of individual ticks is no longer provided to the submitter, though 
the overall proportion of infected ticks in the county in which the tick was acquired may be 
provided.  The information provided on the summary postcard, along with observation for 
disease symptoms allow the submitter's personal physician to assess the risk of disease 
transmission (Wormser et al. 2006).  Pertinent information regarding the tick and the sender 
such as collection date, species, life stage, blood feeding status, host species, county of 
collection, sender's name and address are recorded in the database.  Tick specimens other 
than I. scapularis are retained in 70% ethanol for potential future morphological or genetic 
analysis. 
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Ixodes scapularis nymphs and adults are sent to the University Hygienic Lab (UHL) 
at the University of Iowa for B. burgdorferi testing.  Specimens are submitted to the UHL 
whole and preserved in 70% ethanol.  A Qiagen Qiamp Viral RNA mini-kit is used for nucleic 
acid extraction.  PCR amplification of a 96 bp fragment of the flagellin gene of B. burgdorferi 
(Genbank Accession #33311222) was performed in a similar manner to the procedure 
developed by (Lebech et al. 1995). 
2.2.2 Active surveillance 
 In addition to the passive surveillance program, active surveillance for I. scapularis 
was performed at 8 selected sites between 2007 and 2009.  Active surveillance sites 
consisted primarily of state parks selected for potential tick habitat and degree of human 
usage.  Some sites were sampled for four years, others for a subset of years.  Active 
surveillance methods were adapted from previously described dragging methodologies 
(Gatewood et al. 2009).  Each site encompassed ten 100 m transects arranged in five 
groups of parallel lines.  Each of these 5 double transects was semi-randomly positioned 
within suitable habitat for each site.  Transects were sampled by dragging a 1 m2 white drag 
cloth covering an area of 1000 m2  sampled for each site per visit.  Sampling sites were 
visited at intervals over the summer season, from 3 to 6 times per year limited by flooding 
and wet weather.   
 Ixodes scapularis acquired through active surveillance were subjected to molecular 
diagnostics for B. burgdorferi and Anaplasma infection according to published methods 
(Massung et al. 1998, Derdakova et al. 2003).   
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2.3 Results 
2.3.1 Range expansion of Ixodes scapularis 
The Midwestern vector of Lyme disease, I. scapularis, was first reported in the 
northeastern-most county of Iowa in 1908 (Banks 1908).  The tick is absent from the 
literature until 1986 when the first documented case of Lyme disease in Iowa was recorded 
in a soldier thought to have acquired the infection while training at the Iowa Army 
Ammunition Plant in Des Moines County adjacent to the Mississippi River (Installation Pest 
Management Consultation 1988).  Since its 1986 reappearance in the state, the blacklegged 
tick rapidly expanded its range with several counties submitting first reports of the tick in 
almost every year between 1990 and 2008 (Figures 2.1 and 2.2).   
By 1990, the blacklegged tick was well established in nine counties and was no 
longer limited to the easternmost portion of the state.  Few I. scapularis were submitted in 
any given year in the 1990s, but the number of counties reporting their first example of this 
species remained high.  From 1991-1994, an average of 3.5 counties per year submitted 
first reports of blacklegged ticks.  This number may reflect colonization events prior to the 
initiation of the ILDSP that were not reported until later, so it is difficult to estimate the actual 
rate of range expansion during this early time period.  Between 1995 and 1999, the rate of 
range expansion slowed to an average of 2.4 counties per year, though the proportion of 
blacklegged ticks to the total number of submitted ticks remained approximately the same.  
The decreased infestation rate of this time period reflects the reported lack of ticks 
spreading to additional counties in 1999. 
Beginning in 2000, a higher proportion of I. scapularis relative to the total number of 
ticks was reported (Figure 2.2).  A greater quantity of blacklegged ticks also began to be 
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reported with at least 50 specimens per year being submitted to the program.  In addition, 
the average rate at which new counties were submitting first reports also increased; from 
2000 to 2007, an average of 3.7 counties were added to the roll of infestation each year.  In 
2008, only one county in Iowa submitted a first report of a blacklegged tick and no new 
counties were known to have become infested in 2009 or 2010.  This may indicate a leveling 
off of the rate of spread to new counties in the state.  As of 2010, 65 of Iowa’s 99 counties 
had submitted at least two specimens of I. scapularis to the ILDSP.  
2.3.2 Borrelia burgdorferi and Lyme disease 
 As the number of counties infested with I. scapularis has steadily increased since the 
reappearance of the tick in 1986, so too has the incidence of human cases of Lyme disease 
(CDC 2010).  The number of new cases per year fluctuated at relatively low levels until 
1997.  Following 1997, the rate at which new cases were reported increased markedly 
almost every year.  From 1990 to 1999 the CDC reported Iowa's mean annual infection rate 
with Lyme disease at 0.67 cases per 100,000 people.  By 2009, the CDC estimated Iowa's 
incidence rate to be 2.6 cases per 100,000, a four-fold increase (CDC 2010).   
 The dramatic surge in Lyme disease cases beginning in 1997 corresponds with a 
marked increase in the proportion of blacklegged ticks submitted to the ILDSP (Figure 2.2).  
The quantity of blacklegged ticks submitted to the program began to increase, as well, with 
at least 50 ticks submitted each year beginning in 2000.  Since then, as many as 245 
blacklegged ticks have been submitted in a single year (2002).  With a higher volume of 
specimens, it has become possible to estimate the proportion of blacklegged ticks infected 
with B. burgdorferi state-wide. 
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 Most human cases of Lyme disease result from exposure to the nymphal stage of 
I. scapularis (Piesman et al. 1987).  Likely, the small size of the nymph causes it to be more 
easily overlooked than an adult tick, allowing it to remain attached long enough for 
B. burgdorferi transmission to occur (Piesman and Dolan 2002).  Adult ticks, however, are 
more likely to harbor the bacterium having had more acquisitional feeding opportunities than 
nymphs.  Figure 2.3 details the proportion of both nymphal and adult ticks infected with 
B. burgdorferi, as well as the overall infection rate, from 2000 to 2010.  In 2010, the highest 
proportion of infected ticks were detected since the inception of the ILDSP; 21.1% of 
I. scapularis submissions tested positive for infection overall.  The highest rate of infection 
observed in nymphal ticks was in 2008 when 25.3% of submitted nymphs were infected. 
   In the Midwest, adult blacklegged ticks experience two distinctly separate periods of 
feeding activity, the first peaking in late May and the second peaking in late October (Figure 
2.4).  These two periods of activity were divided by an interlude of almost two months during 
which very few adult I. scapularis were submitted.  Adult ticks submitted during these peak 
activity periods were separately analyzed, but no statistically significant differences were 
present in the proportion of ticks infected with B. burgdorferi. 
2.3.3 Active surveillance       
 Though each dragging site was deemed suitable habitat for ticks by the presence of 
mostly closed-canopy forest, and the counties in which the sites were situated had all 
reported the regular presence of I. scapularis, the number of ticks acquired at the dragging 
sites varied significantly.  Results from active surveillance are summarized in Table 2.2.  The 
overall rate of nymphal infection with B. burgdorferi for the surveyed sites from 2007 – 2009 
was 22.2%, similar to the 20% infection rate among nymphs state-wide of the same time 
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period.  Three of the 8 sites examined provided 20 or more nymphal I. scapularis to the 
active surveillance program during this time period: Allamakee Co., Clayton Co., and 
Winneshiek Co.  A similar proportion of infection in nymphal ticks between the active and 
passive surveillance programs was noted in Allamakee Co. (active = 20% and 25.9%, 
respectively).  Nymphs acquired through active surveillance in Winneshiek Co. were less 
than half as likely to be infected as ticks acquired through active surveillance (active = 
12.2%, passive = 25%).  Nymphs collected via active surveillance in Clayton Co. were much 
more likely to be infected with B. burgdorferi than passively collected ticks (active = 43.4%, 
passive = 25.7%). 
 In addition to being tested for B. burgdorferi, active surveillance collected 
I. scapularis nymphs were tested for the presence of Anaplasma sp.  The proportion of 
Anaplasma infected ticks varied between years.  In 2007, 34 of 89 (38.2%) nymphs were 
infected.  In 2008, 10 of the 45 (22.2%) nymphs collected tested positive.  And in 2009, 7 of 
the 24 (31.9%) nymphs collected were infected.  Overall, 51 of 158 (32.3%) of I. scapularis 
nymphs collected via active surveillance from 2007 – 2009 were infected with Anaplasma.  
Seven of the 8 active surveillance sites yielded infected ticks.  The site lacking Anaplasma 
infected nymphs, located in Dubuque Co., yielded only 1 I. scapularis nymph, in total, in the 
course of active surveillance.  Because ticks in the genus Ixodes in North America are only 
rarely infected with other Anaplasma sp. in nature, Anaplasma phagocytophilum, causative 
agent of human granulocytotropic anaplasmosis, represents the most likely species of 
Anaplasma detected.       
 It should be noted that ticks acquired through passive surveillance came from a 
variety of locations throughout each county, while ticks acquired actively originated at a 
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single site.  Because of this, localized variation in nymphal infection rate is presumably more 
pronounced in actively collected samples.   
2.4 Discussion 
 Several possible explanations present themselves as factors in the recent extensive 
range expansion of I. scapularis through Iowa.  Of these, two are fairly well documented and 
may explain the majority of change in the system: progressive changes in ground cover 
conducive to tick survival and a larger deer population.       
Ixodes scapularis requires high levels of relative humidity in order to maintain the 
water balance necessary for its survival. This is particularly a consideration impacting 
survival among immature ticks possessing limited water reserves.  When kept in a constant 
environment, nymphal ticks require at least 85% relative humidity at 27°C in order to avoid a 
reduced survival rate (Stafford 1994).  In an environment exhibiting variation in humidity 
levels, nymphal ticks can withstand lower levels of humidity for limited periods of time.  
Nymphal ticks have been demonstrated to withstand 40% RH for 4 hours at a greater than 
80% survival rate (Rodgers et al. 2007).  In Iowa, nymphal blacklegged tick activity peaks in 
June based on submissions to the ILDSP.  Typical relative humidity levels during this month 
vary from ~80% RH in the early morning when nymphs are most active to ~50% RH in the 
mid-afternoon.  In the afternoon, nymphal ticks tend to be less active and avoid the 
temporary decrease in RH by moving into the damp leaf litter of their forest habitat.        
The absence of sufficient relative humidity is a major limiting factor in the movement 
and dispersal of unattached I. scapularis ticks.  Temperature and RH have also been 
demonstrated to have a significant positive effect on the height that nymphal blacklegged 
ticks will climb away from their high humidity refugia which, in turn, may affect their host-
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seeking success rate (Vail and Smith 1998, Vail and Smith 2002).  In order for a tick 
population to become established in Iowa, a high humidity retreat of deciduous tree leaf-litter 
is ultimately required. 
 Of the seven states in the North Central Region of the U.S., Iowa has the least 
acreage of forested land cover, defined as having at least 25% crown closure.  In 1980, 
4.1% of land cover in Iowa was forestland.  By 2000, forestland covered 5% of the state, the 
greatest proportional increase in coverage in the seven-state region.  This represents an 
expansion of approximately 426,700 acres of moderately to heavily forested land cover in 
the state within this 20 year period (USDA Forest Service - North Central Research Station 
Forestry Sciences Laboratory 2007).  Locally elevated humidity within the forest and its leaf 
litter produce habitat acceptable for supporting a tick population. The trend of increasing 
tree cover in Iowa appears to be continuing.  In 2002, the Iowa Department of Natural 
Resources estimated tree cover in the state at approximately 6% of total land cover 
comprising over 2 million acres state-wide (Iowa DNR 2008).  Of this, 88% is privately 
owned by over 55,000 land owners.  The average size of a parcel of privately owned, 
forested land is only 32.6 acres.  This is a good indication of the fragmented nature of forest 
land in Iowa.  Movement to disjoined islands of potential tick habitat in an ocean of 
inhospitable row crops and grassland presents a challenge to colonization by tick 
populations.  Because they will only move a few meters while unattached, ticks are entirely 
reliant on the movement of their hosts to spread between areas of suitable forested habitat. 
 White-tailed deer, Odocoileus virginianus, with large home ranges, high tick burdens, 
and the ability to feed and transport mated, female ticks, are likely the most important host 
for dispersing blacklegged ticks (Madhav et al. 2004).  The number of white-tailed deer in 
the state has been rapidly increasing since 1950 when the state-wide estimate of deer 
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numbers was just over 10,000.  In 1985, around the time when I. scapularis made its 
reappearance in Iowa, deer populations had expanded to an estimated 80,000 – 100,000.  
By 2009, estimates based on a variety of surveillance methods indicate 350,000 – 450,000 
deer state-wide before hunting season (Suchy 2009). 
 The great numbers of deer in Iowa provide abundant hosts to adult blacklegged 
ticks.  They also provide a vehicle for transporting egg-laden female ticks to patchy areas of 
habitat otherwise inaccessible to easily desiccated ticks.  Though other animal species, 
particularly birds, have been implicated in transporting ticks over long distances, there is 
little doubt that deer are primarily responsible for the spread of ticks in Iowa.   
 The acreage of viable I. scapularis habitat, along with the number of deer available to 
serve as hosts and transportation to new sites, has been on the rise since blacklegged ticks 
first made an appearance in Iowa.  Because of these increased habitat availability, 
blacklegged ticks have expanded their range at a fairly constant rate over the last twenty 
years.  Due to an ongoing trend of increasing habitat availability, and a high abundance of 
white-tailed deer, it seems likely that the range and quantity of these ticks will only continue 
to grow throughout Iowa.  Infection of I. scapularis with B. burgdorferi in Iowa appears to be 
increasing, as well.  Finally, testing for a previously undetected tick-borne pathogen, 
Anaplasma, demonstrated that ticks infected with the pathogen are already prevalent, with 
overall nymphal infection rates exceeding that of B. burgdorferi in all years examined.  
Taken together, these data indicate that ticks and their associated human diseases will 
represent an increasing public health problem in Iowa.  
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 Documented tick-borne diseases of Iowa since 1990 
Tick Pathogen Disease Reference 
A.a. 
Ehrlichia chaffeensis 
Human 
monocytotropic 
ehrlichiosis 
(Mixson et al. 2006) 
"Rickettsia amblyommii"  (Mixson et al. 2006) 
Francisella tularensis Tularemia (CDC 2002) 
D.v. 
Rickettsia rickettsii 
Rocky Mountain 
spotted fever 
(Iowa DPH 2010) 
Francisella tularensis Tularemia (CDC 2002) 
I.s. 
Anaplasma 
phagocytophilum 
Human granulocytic 
anaplasmosis 
(HGA) 
(Rainwater et al. 2006) 
Borrelia burgdorferi Lyme disease (Lingren et al. 2005) 
Possible but undocumented tick-borne diseases of Iowa 
A.a. 
"Borrelia lonestari" 
Southern tick-
associated rash 
illness (STARI) 
 
Ehrlichia ewingii 
Canine and human 
granulocytic 
ehrlichiosis 
I.s.  Babesia microti Human babesiosis 
 
Table 2.1. Known and suspected tick-borne diseases in Iowa are listed according to species 
of vector ticks:  A.a.- Amblyomma americanum,  D.v.- Dermacentor variabilis, I.s.- Ixodes 
scapularis.  
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Site location Total 
nymphs 
B. burgdorferi 
infected 
% infected 
B. burgdorferi 
Anaplasma 
infected 
% infected 
Anaplasma 
Allamakee Co. 20 4 20% 8 40% 
Clayton Co. 53 23 43.4% 13 24.5% 
Delaware Co. 4 0 0% 3 75% 
Dubuque Co. 1 0 0% 0 0% 
Johnson Co. 14 0 0% 3 21.4% 
Linn Co. 12 2 16.6% 3 25% 
Muscatine Co. 19 1 5.6% 3 15.8% 
Winneshiek Co. 35 5 14.3% 14 40% 
Total 158 35 22.2% 47 29.8% 
 
Table 2.2.  B. burgdorferi infection data from nymphal I. scapularis acquired through active 
surveillance at sites in 8 Iowa counties from late spring through summer 2007 - 2009.  
Nymphs are considered more epidemiologically significant than adult ticks because their 
small size allows them to more often evade detection for long enough to transmit pathogens.  
Few adult ticks were acquired, and their infection data is not included above.  Infection rates 
from passively acquired surveillance data somewhat exceeds those of active surveillance, 
overall, possibly due to a greater variety of sampling locations.  DNA from tick specimens 
was evaluated using PCR and nested PCR assays specific to B. burgdorferi and Anaplasma 
to ascertain the presence of these organisms (Massung et al. 1998, Derdakova et al. 2003).   
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Figure 2.1.  Counties that have reported the presence of I. scapularis are indicated in grey 
along with the year of each county's first report.  Dark grey denotes counties that submitted 
first reports from 1990 to 1994, medium grey from 1995 to 1999, and light grey from 2000 to 
2008.  No first reports were submitted in 2009 and 2010. 
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Figure 2.2.  Proportion of tick species by year.  The species composition of tick submissions 
varies from year to year.  Lines illustrate the proportion of submission events for the three 
most common species of ticks.  Bars indicate the total number of submission events per 
year.  Multiple ticks of the same species and life stage submitted from the same address on 
the same date are considered a single submission event.  Notable is the overall increase in 
the proportion of I. scapularis submissions beginning in 2000.  
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Figure 2.3.  Proportion of B. burgdorferi infected I. scapularis by year.  The infection rate of 
I. scapularis with B. burgdorferi in Iowa varies with each year and between life stages.  The 
highest reported infection rate among nymphal ticks was in 2008 peaking at over 25%.  
Generally, counties from which greater numbers of tick were submitted had higher rates of 
B. burgdorferi infection. 
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Figure 2.4.  Seasonal activity of I. scapularis by stage expressed as a percentage of total 
yearly activity based on data collected in Iowa 1990-2010.  The active surveillance period 
(mid-May through mid-August) is indicated at the top of the chart.  Most ticks acquired 
through active surveillance were nymphs.  The separate peaks in adult I. scapularis activity 
are comparable to those observed elsewhere in the Midwest and eastern United States 
(Platt et al. 1992).   
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Chapter 3 
 
Variation of In Vivo Hemocyte Phagocytosis of Injected Model 
Microorganisms in Three Medically Significant Species of Ticks 
 
Jonathan D. Oliver and Lyric C. Bartholomay 
 
Abstract 
 Ticks are significant vectors of pathogenic bacteria in North America, but not all tick 
species are competent vectors of all tick-borne diseases.  Innate immune response is a 
major factor in determining vector competence in an arthropod host.  Phagocytosis by 
hemocytes of pathogenic microorganisms is a rapid-acting response which may curtail 
infection of the host or prevent migration between the midgut and the salivary glands prior to 
disease transmission.  Three tick species, Amblyomma americanum, Dermacentor variabilis, 
and Ixodes scapularis, were injected with model insults to assess variations in phagocytic 
response between species.  Model insults consisted of a Gram-positive bacterium, a Gram-
negative bacteria, and polystyrene beads.  These challenges were selected because 
differences in surface chemistry may alter hemocyte phagocytosis.  Significant differences 
between the species were found in the phagocytic response of hemocytes to the Gram-
positive bacterium, but only minor differences were apparent toward the Gram-negative 
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bacterium.  Populations of phagocytic hemocytes, defined by flow cytometry, existed in 
differing proportions and demonstrated different phagocytic capacities in the three tick 
species when exposed to fluorescent bead injections.  At the earliest time point, I. scapularis 
had a greater proportion of small, less dense hemocytes, and these cells were more 
phagocytic than in the other two tick species.  Variation in phagocytic response to different 
types of bacteria and between hemocyte populations illustrates how the heterogeneity of 
host-microorganism interactions impacts an underlying mechanism of innate immune 
response which, in turn, affects vector competence.    
3.1 Introduction 
Numerous species of arthropods serve as disease vectors to humans and animals.  
Some disease organisms, including members of Plasmodium and some nematode agents of 
lymphatic filariasis are intimately dependent upon humans as part of the organisms’ life 
cycle (Martin et al. 2005, Mak 2007).  Other diseases are maintained in sylvatic cycles and 
impact humans only incidentally as dead end hosts.  Lyme disease, the most prevalent 
arthropod-borne disease in North America, is one such zoonotic disease (CDC 2010).  A 
number of tick species occur together in the midwestern and eastern United States and are 
routinely exposed to the bacterium that causes Lyme disease, Borrelia burgdorferi.  Only 
one of these tick species, Ixodes scapularis, is a competent vector for the bacterium; all 
other tick species are refractory (Mukolwe et al. 1992, Piesman and Happ 1997).  This 
illustrates a long-standing question, namely, why are some arthropod species competent 
and epidemiologically significant disease vectors, while others are not?  The immune 
response of the vector host is likely a major factor contributing to a refractory or susceptible 
phenotype. 
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The family Ixodidae, or the hard ticks, consists of two phylogenetic subdivisions, the 
Prostriata and the Metastriata.  Prostriata comprises a single speciose tick genus, Ixodes, 
and is considered the more basal lineage of ixodid ticks due to a variety of morphological 
and behavioral characteristics considered primitive.  Metastriata encompasses the other 11 
genera of ixodid ticks, including Amblyomma and Dermacentor, and is considered the more 
derived of the two phyletic lines (Sonenshine 1991, Keirans 2009).  All of these genera are 
represented in the most common human-biting ticks in the midwestern U.S., namely 
Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis.  Other than          
I. scapularis, common species of human biting ticks in this region are unable to transmit the 
bacteria that cause Lyme disease (Mukolwe et al. 1992, Piesman and Happ 1997).  This is 
likely due, in large part, to the host tick’s immune response rendering it unsuitable for 
bacterial propagation.  Antibacterial factors have been found in the saliva of A. americanum, 
the lone star tick, which may inhibit bacteria acquisition (Ledin et al. 2005).  Other immune 
responses, such as the production of anti-microbial peptides in the gut and hemolymph of 
the tick (Sonenshine et al. 2002), and the preferential phagocytosis of Borrelia spirochetes 
by tick hemocytes (Johns et al. 2001) may also produce an environment that is not 
conducive to bacterial acquisition, propagation, or transmission.  The susceptibility of some 
members of the prostriate genus Ixodes to infection with B. burgdorferi, and the 
refractoriness of all metastriate ticks, indicates that observable differences in immune 
response may reflect phylogenetic divisions. 
 Phagocytosis of disease-associated bacteria is rapidly initiated by arthropod 
hemocytes in comparison to the production of antimicrobial peptides, and is a general 
defense against infection by bacteria that have penetrated the cuticle (Hillyer et al. 2003, 
Bartholomay et al. 2004, Haine et al. 2008a).  Most tick-borne bacteria must penetrate the 
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tick’s gut after being taken up in a blood meal, then migrate to the tick’s salivary glands to be 
transmitted during the tick’s next blood meal (Ribeiro et al. 1987, Gilmore and Piesman 
2000, Ueti et al. 2007).  In the process of migration through the hemocoel, bacteria come 
into direct contact with the hemolymph and hemocytes, and must have a strategy for 
avoiding phagocytosis by hemocytes.  Some tick-borne pathogenic bacteria, for example 
Ehrlichia chaffeensis and Anaplasma phagocytophilum, lack most genes involved in the 
production of the conspicuous bacterial surface proteins lipopolysaccharide and 
peptidoglycan (Lin and Rikihisa 2003, Rikihisa 2010).  Adaptations such as these may 
represent a means of avoiding detection and destruction by immune systems of both the 
vertebrate and invertebrate hosts.  Variation in the phagocytic response of different species 
of ticks to different types of bacteria indicates heterogeneity in each tick species’ immune 
response, which may reflect evolutionary pressures associated with infection by pathogenic 
bacteria. 
Tick hemocytes are traditionally divided into four cell types characterized on the 
basis of ultrastructure, phagocytic activity, and the production or storage of immune-
associated proteins, as originally described for the European castor bean tick, Ixodes ricinus 
(Kuhn and Haug 1994).  According to this scheme, prohemocyte-like cells are small, 
spherical, and rare, comprising <1% of total hemocytes observed.  Plasmatocytes are large, 
polymorphic cells lacking granular inclusions but capable of phagocytosing bacteria.  
Granular hemocytes consist of two subtypes, type-I and type-II.  Both of these cell types are 
common (together representing about 80% of hemocytes), large, and phagocytic. The type-I 
granular hemocyte, which readily phagocytoses both latex beads and bacteria, is the most 
common. 
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 The purpose of this study is to compare and contrast the hemocyte phagocytic 
response between tick species and hemocyte types to three injected challenges.  We 
hypothesize that more similarity in phagocytic response will be observed between the more 
closely related tick species (A. americanum and D. variabilis) than with I. scapularis, a less 
related species.  
3.2 Materials and Methods 
3.2.1 Ticks 
Three species of ticks were examined in the course of this study:  Amblyomma 
americanum, Dermacentor variabilis, and Ixodes scapularis.  Unfed adult ticks were 
obtained from the Oklahoma State University Tick Rearing Facility.  Ticks were ordered 
monthly and stored in gauze-screened vials in sealed and darkened desiccators.  A 
saturated solution of potassium nitrate (KNO3) was used to maintain a constant humidity of 
93% at 22°C (Winston and Bates 1960).  Desiccators, gauze, and vials were autoclave-
sterilized on a monthly basis to inhibit mold growth.    
  At each time point, for each injected challenge, hemolymph from 10 – 15 ticks or 10 -
15 pooled hemolymph samples was observed to determine the mean phagocytic indices. 
3.2.2 Bacteria 
 Green Fluorescent Protein-expressing (GFP) Escherichia coli (DH5α) and 
Micrococcus luteus were used as representative Gram-negative and Gram-positive species, 
respectively.  Live M. luteus were cultured overnight on a shaking incubator at 30°C and 
stained with 0.5 mg of NHS-rhodamine (Thermo Scientific, Rockford, IL) per 35 mg of wet 
bacteria.  Stained bacteria were stored at 4°C and tested periodically by serial dilution and 
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replating to ensure continued viability.  Micrococcus luteus concentration was measured 
using a hemacytometer.  Approximately 9 x 106 bacteria were injected per tick.   
 GFP-E. coli were grown overnight on a shaking incubator at 37°C and quantified by 
spectroscopic measurement of optical density followed by serial dilution track plating (Jett et 
al. 1997).  The concentration of E. coli bacteria injected per tick was 13,500 colony forming 
units/µl.   
3.2.3 Beads 
Red-fluorescent carboxylate-modified polystyrene spheres 1 µm in diameter 
(Fluospheres, cat. no. 8821, Invitrogen) were also injected into the three species of ticks.  
The stock concentration of 2% solids in solution is equivalent to approximately 3.7 x 108 
beads per ml.  As with all injections performed in this study, the inoculation volume was 
0.2 µl.  Beads were diluted from stock 1:10 (9.1%) in Shen’s tick saline (Oliver et al. 1972) 
equating to ~6,700 beads injected per tick.  The phagocytic index of fluorescent beads by 
tick hemocytes was measured by flow cytometry, as described below.   
3.2.4 Quantification of phagocytosis 
 Regardless of the methodology used, the number of cells involved in phagocytosis 
was described using a phagocytic index, a ratio calculated by dividing the number of 
hemocytes containing phagocytosed particles by the total number of hemocytes observed.  
In the microscopically observed samples, a cover slip previously marked with a central cm2 
counting reticle was placed on each slide and hemocytes that had and had not engaged in 
phagocytosis were counted within the reticle.  Samples lacking at least 100 hemocytes were 
discarded.   
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3.2.5 Injection and hemolymph extraction 
 The ticks were affixed ventral side up to double-sided tape placed on an angled 
platform situated on the stage of a Nikon SMZ645 dissecting microscope (Melville, NY).  
Glass needles made from pulled capillary tubes were loaded with 0.2 µl of inoculum at the 
desired concentration.  Needles were then coupled individually to a syringe base attached to 
a micromanipulator (Narishige Scientific Instrument Lab., Tokyo, Japan).  The 
micromanipulator was used to maneuver the needle to its proper location for injection into 
the tick.  Ticks were injected ventrally between the genital opening and the anus.   
Ticks were stored on moistened tissue in a sealed container for 1, 2, or 4 hours post-
injection (h.p.i.) prior to hemolymph extraction.  To extract hemolymph for microscopic 
observation and quantification of phagocytosis, ticks were partially wrapped in a piece of 
tape to avoid direct pressure upon the body.  A foreleg was then severed with iris scissors 
and the resulting droplet of hemolymph, 0.2-0.5 µl in volume, was directly transferred to a 7 
µl drop of tick saline placed on a microscope slide.  A reticle marked coverslip was placed 
on the saline droplet for hemocyte counting.     
Hemolymph extraction for flow cytometric analysis followed a similar procedure.  
Briefly, after severing a tick’s foreleg, the resulting droplet of hemolymph was dipped directly 
into 300 µl chilled 4% PBS-buffered paraformaldehyde to avoid adhesion and the associated 
loss of hemocytes.  Hemolymph from five ticks was pooled for each flow cytometry sample.  
For analysis by cell sorter, hemolymph from 15 bead-injected ticks was collected into 300 µl 
of 4% paraformaldehyde to maximize the number of cells recoverable from a single sample. 
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3.2.6 Microscopy 
All microscopic observations were made using a Nikon Eclipse 50i fluorescent 
microscope (Melville, NY) and photographs were taken with an attached Digital Sight DS-2 
Mv camera.  Software analysis was performed using NIS Elements versions 2.3 and 3.1 
(Nikon, Melville, NY).  Fluorescence was generated from a UV lamp (EXFO, Mississauga, 
ON) and observed through a TRITC Hy Q filter cube (part no. 96321), FITC Hy Q filter cube 
(part no. 96320), or DAPI filter cube (part no. 96310; Chroma, Rockingham, VT).   
3.2.7 Verification of phagocytosis 
 To verify internalization of injected challenge particles in phagosomes, rather than 
potential adhesion to the outside of hemocytes, ticks at 1 hour post E. coli injection were 
injected with 0.2 µl of 500 nM LysoTracker Red DND-99 (Molecular Probes, Eugene, OR), 
incubated for 15 minutes, and hemolymph samples were collected onto microscope slides, 
as described.  This fluorescent dye stains low pH vesicles in living cells.  All samples were 
examined microscopically.   
3.2.8 Flow cytometer and flow cytometry analysis 
 Pooled hemolymph samples from 5 ticks were subjected to flow cytometric analysis.  
30 µl of the fluorescent nucleic acid stain Syto 16 (Invitrogen) diluted to a concentration of 
0.1% in PBS was added to each sample.  This allowed for the automated differentiation of 
intact cells from ruptured cells and other debris.   
 Fixed, stained cells were analyzed at the Iowa State University Flow Cytometry 
Facility.  Analysis of hemocyte phagocytosis of red fluorescent beads was performed using 
protocols developed specifically for this purpose using a BD FACSCanto flow cytometer (BD 
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Biosciences; San Jose, CA).  Before the acquisition of data, unlabeled hemocytes, Syto 16-
labeled hemocytes, and bead-only control samples were used to establish instrument 
thresholds and define the parameters of the different cell groups.  Unlabeled hemocytes 
from saline injected ticks and Syto 16-stained control samples (without beads present) were 
compared in order to distinguish non-cellular or autofluorescent debris from intact nucleic 
acid-stained hemocyte populations.  Syto 16-stained control samples and bead-only 
samples were compared to establish parameters distinguishing hemocytes from non-
phagocytosed beads.  All samples were acquired at the highest instrument flow rate for 
2 minutes.  Syto 16-labeled hemocytes were detected in the FL1 (530/30 band-pass) 
instrument parameter and red fluorescent beads were detected in the FL3 (610/20 band-
pass).  By electronically isolating the Syto 16 fluorescent signal, then displaying the selected 
data in a dual-parameter logarithmic dot plot of Syto 16 vs. RF bead fluorescent signal, 
analysis was confined to hemocytes.  Phagocytic indices were calculated for each sample 
by establishing a threshold value separating non-phagocytic (Syto 16 present, red-
fluorescent beads absent) and phagocytic (Syto 16 present, red-fluorescent beads present) 
hemocytes to establish their relative quantities (Figure 3.1). 
 Flow cytometer analyzed samples consisted of far more countable hemocytes than 
the microscopically observed samples.  Samples with less than 1,000 total hemocytes were 
discarded.  Additionally, differentiation between hemocyte types based on size (forward 
scatter) and density or intracellular complexity (side scatter) could be quantifiably 
ascertained.  Separate phagocytic indices for hemocyte subtypes based on cell size were 
calculated in addition to an overall measurement. 
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3.2.9 Cell sorter and hemocyte population analysis 
A BD FACSAria III cell sorter (BD Biosciences; San Jose, CA) was used to separate 
and collect different hemocyte populations for microscopic analysis.  The procedure 
established for flow cytometric analysis with the BD FACSCanto flow cytometer, as detailed 
above, was used to differentiate hemocytes based on cell morphology, Syto 16 nucleic acid-
staining, and red-fluorescent bead phagocytosis.  Cell populations of interest were output 
into independent microcentrifuge tubes containing 20 µl of 4% paraformaldehyde for 
microscopic observation.  These fixed cells were placed on glass slides to be 
microscopically observed and photographed.  Each hemocyte was measured and a 
nuclear/cytoplasmic ratio was calculated. 
3.2.10 Statistics 
Statistical significance was determined throughout using ANOVA or t-tests.  All p-
values listed in the text are calculated from 2-sided tests. 
3.3 Results 
 Phagocytosis by tick hemocytes was verified by Lysotracker staining and 
microscopic observation.  All bacteria or beads associated with hemocytes had been 
phagocytosed and were present in acidified compartments congruent with phagocytosis, 
and not simply in contact with the membranes of the hemocytes (Figure 3.2).  
Phagocytic indices from the bacteria- or bead-injected ticks were calculated in one of 
two ways: 1. from individual ticks by microscopic observation and quantification (Figure 3.3) 
or 2. from pooled hemolymph samples of fluorescent bead-injected ticks processed by flow 
cytometry.  This method allowed for rapid analysis of large quantities of hemocytes based 
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on the fluorescent staining of nucleic acids and the presence or absence of fluorescent 
signal from phagocytosed red-fluorescent beads.  Additionally, the flow cytometer detected 
variation in hemocyte populations based on cell size (forward scatter) and cell density or 
complexity (side scatter).  In all 3 species, two morphologically distinct populations of 
phagocytic cells were evident by flow cytometry: larger, denser cells, and smaller, less 
dense cells (Figure 3.4).  Substantial variation in the proportions of these cell populations 
and the phagocytic indices of the two groups was present between the tick species, as 
detailed below. 
Pooled samples of the small and large populations of cells were obtained using a cell 
sorter.  Cells that had phagocytosed red-fluorescent beads were preferentially collected for 
microscopic analysis.  Hemocytes of both populations, having been immediately immersed 
in fixative, were generally ellipsoid in shape though some revealed the presence of short 
pseudopodia.  The population of large phagocytic cells presented a very low 
nucleus/cytoplasm ratio (mean = 1:17.4, SE = 2.58; Figure 3.5).  The smaller, less dense 
phagocytic hemocyte population demonstrated a high nucleus/cytoplasm ratio (mean = 
1:4.1, SE = 0.51). A significant difference was present between the ratios of the populations 
(p<0.001).  A significant difference also was observed between the overall cell volumes of 
the two populations (p<0.01).   
3.3.1 Amblyomma americanum 
 Observations were made comparing hemocyte phagocytic responses of each tick 
species to the three injected insults (E. coli, M. luteus, or red fluorescent beads) at 1,2, and 
4 h.p.i.  Comparisons also were made between the species of ticks regarding their immune 
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responses toward each variety of injected insult, and the relative proportions of the flow 
cytometrically-differentiated hemocyte populations.  
 The rate of phagocytosis toward the different insults varied least in A. americanum 
relative to the other tick species examined, particularly with regard to the two bacterial 
species.  At 1 h.p.i. there was no significant difference in phagocytic index notable between 
any of the injected insults.  By 2 h.p.i., the rate of phagocytosis of the bacterial insults 
remains close to the same, but the phagocytic index of RF-beads doubles from 0.21 to 0.4., 
a significant increase (p-value = 0.00033).  Between 2 and 4 h.p.i., no significant changes 
occurred in the phagocytic response to RF-beads or the E. coli.  The rate of phagocytosis of 
M. luteus increased significantly from 0.18 to 0.27 (p-value = 0.00146).  Phagocytic indices 
for A. americanum are summarized in Figure 3.6. 
 The phagocytic indices of the two size and density delineated cell populations varied 
significantly at all 3 time points with the larger hemocyte population exhibiting a much higher 
rate of RF-bead phagocytosis (Figure 4.6).  The mean proportion of larger cells slightly 
exceeded that of small cells at 1 h.p.i. and increased over the time course, and a significant 
difference was notable only between 1 h.p.i. (50.3%) and 4 h.p.i. (66.5%; p-value = 0.02444; 
Figure 3.7).  At both 1 and 4 h.p.i., the phagocytic indices of the small cell population is very 
low (<0.20), but at 2 h.p.i. the phagocytic index of this population is 0.412, indicating robust 
participation in the immune response.        
3.3.2 Dermacentor variabilis 
   The phagocytic index of D. variabilis demonstrated the most variation between 
injected insults types at most time points.  At 1 h.p.i., the proportion of hemocytes involved 
in phagocytosis was similar between the two species of bacteria injected with mean 
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phagocytic indices of 0.25 for E. coli and 0.295 for M. luteus with no significant difference (p-
value = 0.0967).  The rate of phagocytosis changed markedly by 2 h.p.i., with the mean 
phagocytic index toward E. coli decreasing to 0.137 and that of M. luteus increasing to 0.48.  
Between 2 and 4 h.p.i., the mean phagocytic index for E. coli stayed approximately the 
same at 0.139; the phagocytic index for M. luteus, on the other hand, declined precipitously 
from 0.295 to 0.129 during the same time frame.  The phagocytic index of hemocytes to RF-
beads started low at 1 h.p.i. (0.144), and increases steadily at 2 h.p.i. (0.302) and 4 h.p.i. 
(0.361; Figure 3.6). 
 Relative to the other species of ticks examined, D. variabilis had the lowest overall 
proportion of small population cells and these cells had lower phagocytic indices at 1 h.p.i. 
and 2 h.p.i.  At 4 h.p.i., the proportion of small population cells was not significantly different 
in any of the tick species and represented only 26.1% of total cells in D. variabilis (Figure 
3.7).  At this time point, the phagocytic index of small cells was 0.156 while that of large cells 
was higher at 0.456 (Figure 4.6).  Overall, D. variabilis appears to utilize the phagocytic 
response of its large cell population which are the majority of its circulating hemocytes at all 
time points.      
3.3.3 Ixodes scapularis 
 Results from I. scapularis showed that phagocytic indices of this species vary the 
least over time of all the species of ticks examined.  The mean phagocytic index of 
hemocytes to M. luteus started high at 1 h.p.i. (0.438) and remained high at 2 h.p.i. (0.432) 
and 4 h.p.i. (0.404) indicating the rapid uptake but slow lysis of the bacteria within the 
hemocytes.  Escherichia coli phagocytosis started with a moderate value of 0.281 at 1 h.p.i. 
which declined to 0.158 at 2 h.p.i. and remained steady at 4 h.p.i. with a phagocytic index of 
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0.173, a value not significantly different from 2 h.p.i. (p-value = 0.47578).  RF-bead 
phagocytosis increased somewhat from 1 h.p.i. (0.263) to 2 h.p.i. (0.358) and declined again 
at 4 h.p.i (0.265), in a statistically non-significant manner (Figure 3.6). 
 The proportion of small to large hemocytes in I. scapularis varied notably at 1 h.p.i. 
from the other two species of tick examined.  At both 1 and 2 h.p.i., the small cell population 
represented the majority of hemocytes present at 61.4% and 62.4%, respectively (Figure 
3.7).  By 4 h.p.i., however, the proportion of small to large cells dropped precipitously to 
28.2%.  In addition to having a greater proportion of small cells at the two early time points, 
the phagocytic indices of these cells also were generally higher at these time points than in 
the two metastriate tick species observed.  At 1 h.p.i., the phagocytic index of the 
I. scapularis small cell population was 0.202, significantly higher than the equivalent cells in 
both A. americanum (0.076; p-value = 0.01405) and D. variabilis (0.041; 0.00085).  By 
2 h.p.i., the phagocytic index of these small cells in I. scapularis (0.399) exceeded that of 
D. variabilis (0.248; p-value = 0.00089) but was slightly lower than that of A. americanum 
(0.412; p-value = 0.00442), though the proportion of small to large cells was significantly 
higher in I. scapularis (62.4% compared to 41.2% in A. americanum; p-value = 0.04473).  By 
4 h.p.i., the proportion and phagocytic index of the small cell population dropped to 28.2% 
and 0.115, with no significant differences present among any of the tick species examined 
(Figure 4.6). 
 The large sized population of hemocytes has a higher phagocytic index at all time 
points in I. scapularis, as in the metastriate tick species.  However, the high proportion of 
small hemocytes and the relatively high phagocytic indices of these cells at 1 and 2 h.p.i. 
indicate a greater reliance upon the phagocytic immune response of the small cell 
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population toward RF-beads than is the case with the other two, metastriate species of ticks 
examined.   
3.4 Discussion 
 There was no meaningful difference in phagocytic indices between the three tick 
species with exposure to E. coli at any of the examined time points.  No statistically 
significant differences in response were noted between species at either 2 or 4 h.p.i.  At 
1 h.p.i., the phagocytic index exhibited by A. americanum was significantly lower than that 
observed in the other two species, but only by a small margin.  This similarity in phagocytic 
responses between the tick species toward E. coli, a model Gram-negative bacterium used 
in studies of arthropod innate immunity, may represent a generalized baseline phagocytic 
response to the presence of lipopolysaccharide-rich bacterial membranes.   
In contrast, the phagocytic response of hemocytes toward the Gram-positive 
bacterium used in this and other studies of innate immunity in arthropods, M. luteus, varied 
significantly between tick species at the different time points.  The variation in response may 
indicate differences in the repertoire or affinity of pattern recognition molecules to detect 
peptidoglycan, as well as differences in rate of breakdown of phagocytosed bacteria.    
In all three species of ticks examined, bead phagocytosis increased markedly 
between 1 and 2 h.p.i.  Between 2 and 4 h.p.i., however, the phagocytic index remained 
constant, indicating that a saturation of hemocytes capable of phagocytosis occurred.  No 
statistically significant declines in the phagocytic index were possible because the 
hemocytes were incapable of breaking down the polystyrene beads during the allotted time. 
At 1 h.p.i., I. scapularis demonstrated a significantly greater proportion of small 
population hemocytes than the other two species of ticks examined.  Additionally, these 
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small hemocytes demonstrated a higher phagocytic index toward the injected pathogens 
than small hemocytes of either A. americanum or D. variabilis.  This indicates that                 
I. scapularis relies more on the phagocytic response of these small cells than do the other 
tick species.  At 2 h.p.i., the proportion of small to large cells in I. scapularis declined and by 
4 h.p.i. it had declined to a point at which there was no longer a significant difference in the 
proportion of small cells between the tick species.  The fate of these small cells over time is 
uncertain.  In this study, which involved hemolymph from hundreds of animals, no 
intermediate sized cells ever were observed disputing the possibility that the small cells may 
have developed into large hemocytes.  Other possibilities are that the small cells were 
sequestered out of the hemolymph onto fixed tissues and were no longer available for 
sampling, or that these cells were destroyed after phagocytosis. 
Overall, the phagocytic capacities of A. americanum and D. variabilis toward the 
injected model pathogens, and the lower proportion of small to large populations of 
hemocytes were more similar to one another than to I. scapularis.  This corresponds to the 
accepted taxonomic model of ixodid phylogenetic derivation in which the metastriate genera 
(including Amblyomma and Dermacentor) are more derived than the single prostriate 
lineage, Ixodes.  The possibility that specific components of immune response in ticks aligns 
with tick phylogeny may be borne out in the relative vector competence of related species.  
Certainly, within a tick genus, there is evidence of overlapping vector competence toward 
pathogenic organisms.  Rickettsia rickettsii, the causative agent of Rocky Mountain spotted 
fever, is transmitted by both D. variabilis and D. andersoni (and to a lesser extent, 
A. americanum).  Transmission of Borrelia burgdorferi, Ehrlichia equi, and Anaplasma 
phagocytophila is limited to species of Ixodes in North America.  Amongst the argasid ticks, 
the agents of tick-borne relapsing fever, Borrelia hermsii and B. turicatae, are vectored by 
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several species of ticks in the genus Ornithodoros (Gratz 2006).  These examples show that 
the capacity to vector a given pathogen may be maintained between related tick species.  If 
the phagocytic immune response is a significant determinant in vector refractoriness or 
susceptibility to a disease organism, ticks demonstrating similarities in hemocyte phagocytic 
response and/or overall cellular and cell-mediated immune capacity, may exhibit similar 
vector competence.  
 The two observed hemocyte populations of large, denser cells, and smaller, less 
dense cells, show a marked difference in the morphological characteristics of both 
nucleus/cytoplasm ratio (p-value = 0.00022) and overall cell volume (p-value = 0.00547).  
Histograms of the morphological distribution of cells show a strong bimodal tendency 
emphasizing the separation between the two populations.  Very few cells exhibiting 
characteristics intermediate between the populations are present.  These features support 
the likelihood that the hemocyte populations correspond with observed types of terminally 
differentiated tick hemocytes (Kuhn and Haug 1994).  The bimodal distribution of hemocyte 
populations rebuts the possibility that the smaller hemocytes represent an ontogenic 
precursor cell corresponding to a large hemocyte type.  Only adult, flat ticks were examined, 
however, so the possibility exists that small hemocytes developing into larger types under 
different environmental conditions or at other life stages. 
 Borovickova and Hypsa (2005) postulated just such a hemocyte ontogeny in Ixodes 
ricinus.  They produced high-quality TEM micrographs of prohemocyte-like cells, as well as 
granular hemocytes and plasmatocytes.  Additionally, Borovickova and Hypsa report cells 
that are intermediate in size between prohemocyte-like cells and mature granular 
hemocytes, which we did not observe.  Their prohemocyte-like cells display some granular 
inclusions and pseudopodia, characteristics shared by small population cells in this study, 
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indicating the likelihood of phagocytic behavior.  Cells depicted in micrographs from 
Borovickova and Hypsa were subjected to the same measurements as hemocytes obtained 
in the present study using the cell sorter, and nucleus/cytoplasm ratios and overall cell 
volumes were calculated.  These measurements were then compared to measurements 
obtained in this study from small, phagocytic hemocytes (Figure 3.5).  Although only three 
micrographs were available in the publication to be compared in this manner, both 
nucleus/cytoplasm ratio and cell volume were comparable between Borovickova and 
Hypsas’ prohemocyte-like cells and the small-sized hemocyte population found in the 
present study, and no statistically significant differences were present (p-values = 0.3181 
and 0.46 respectively).  The similarities in nucleus/cytoplasm ratio, cell volume, and 
presence of phagocytic behavior suggest that the prohemocyte-like cells observed by 
Borovickova and Hypsa correspond to the smaller, less dense population of phagocytic cells 
noted using flow cytometry in this study. 
 Variation in the reaction of tick hemocytes to the different challenge types used in 
this study likely underscores differential immune responses between tick species toward 
tick-borne humans and animal pathogens.  Further experiments examining the hemocyte-
mediated immune responses of the tick species toward specific pathogenic microbes will 
quantify and clarify the effect of phagocytosis upon vector competence.  Given the 
effectiveness of hemocyte phagocytosis demonstrated in this study, and the variation 
present between tick species, it is possible that phagocytosis comprises an important factor 
in limiting infection of non-vector ticks by pathogens. 
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Figure 3.1.  Flow cytometer scatter plots describe the repertoire of hemocytes taken from 
five female I. scapularis.  Populations consisting of nucleated cells are separated based on 
nucleic acid staining (Syto 16; x-axis) and bead phagocytosis is indicated by intracellular 
fluorescence (y-axis).  The box labeled A indicates non-phagocytic hemocytes, while that 
labeled B circumscribes hemocytes that have phagocytosed red-fluorescent beads.  In this 
example, 3,021 hemocytes are present in total, 1,336 of which have phagocytosed beads, 
yielding a phagocytic index for this sample of 0.442. 
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Figure 3.2.  Phase contrast micrograph and fluorescent overlays of an A. americanum 
hemocyte verifying phagocytosis of E. coli.  Left: a phase contrast image of the hemocyte.  
Middle: a fluorescent, FITC overlay of internalized GFP-E. coli.  Right: a fluorescent TRITC 
Lysotracker Red overlay imaging the presence of acidified vesicles in the cell.  
Phagocytosed bacteria colocalized with lysozomal activity within the cell.  Images are 
representative of hemocytes examined.   
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Figure 3.3.  Tick hemocytes containing phagocytosed bacteria or fluorescent beads.  The 
upper images show hemocytes of I. scapularis containing E. coli (in all images, phase 
contrast is on the left and FITC/TRITC filtered on the right).  The lower left image shows an 
I. scapularis hemocyte with red-fluorescent beads.  The lower right image shows a 
hemocyte from D. variabilis containing NHS-rhodamine stained M. luteus.  Images are 
representative of hemocytes examined.   
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Figure 3.4.  Scatter plot illustrating mean forward scatter and side scatter profiles for small 
and large populations of hemocytes.  Numbers indicated on the axes are in thousands.  
Each pooled sample of tick hemolymph yielded one point for each cell population. 
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Figure 3.5.  Comparison of nucleus/cytoplasm ratio between the large, denser population of 
phagocytic hemocytes and the small, less dense population of phagocytic hemocytes.  The 
bar labeled “prohemocyte-like cells” denotes the mean nucleus/cytoplasm ratio of 
micrographs published by Borovickova and Hypsa (2005) for comparison with the population 
of small, phagocytic hemocytes.  No significant differences were present regarding the 
nucleus/cytoplasm ratios nor the overall cell volumes between these two groups indicating 
the possibility that they represent the same hemocyte type.  Error bars indicate standard 
error.  
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Figure 3.6.  Phagocytic indices of each tick species toward the three model pathogens at 
1,2, and 4 h.p.i.  Microscopic observation suggested E. coli was cleared soon after 
phagocytosis resulting in the observed decline over time.  The amount of E. coli free in the 
plasma of the hemolymph also declined between 1 and 4 h.p.i.  For each point on the chart, 
hemolymph of10 to 15 ticks was observed.  Error bars indicate standard error. 
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Figure 3.7.  The mean proportion of small to large hemocytes types is displayed for the 
three species of ticks at 1, 2, and 4 h.p.i.  Between 1 h.p.i. and 2 h.p.i., the relative 
proportion of small hemocytes declines in all species, and there is no longer a significant 
difference between the hemocyte proportions of A. americanum and I. scapularis.  By 4 
h.p.i., no significant difference in hemocyte proportions between any of the tick species 
remains.  Letters indicate statistical comparison between species within the same time point.  
Error bars indicate standard error. 
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Abstract 
Phagocytosis of pathogens by hemocytes is a rapid-acting immune response and 
represents a primary means of limiting microbial infection in some species of arthropods.  To 
survey the relative capacity of hemocyte phagocytosis as a function of the arthropod 
immune response, we examined the extent of phagocytosis among a wide taxonomic range 
of arthropod species including a decapod crustacean (Litopenaeus vannamei), three ixodid 
tick species (Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis), a 
mosquito species (Aedes aegypti), and a larval moth (Manduca sexta).  Injected fluorescent 
beads were used as a model to elicit phagocytosis and were measured by flow cytometry, a 
technique that may be adapted for use with any species of arthropod.  The data provide 
evidence of a correlation between arthropod weight and the proportion of phagocytic 
hemocytes.  Smaller arthropods generally had more phagocytic cells than larger arthropods.     
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Graphical Abstract 
Phagocytosis of fluorescent polystyrene beads in three arthropod species.  Left:  
Ixodes scapularis (Acari: Ixodidae), center:  Dermacentor variabilis (Acari: Ixodidae), right:  
Litopenaeus vannamei (Decapoda: Penaeidae). 
 
4.1 Introduction 
 Arthropods rely on a variety of immune responses to combat pathogens that have 
penetrated the integument, itself a formidable physical barrier to infection.  These immune 
responses are innate in nature and are typically divided into two broad categories - cellular 
and humoral.  Cellular responses are associated with arthropod hemocytes, circulating or 
sessile cells immersed in the hemolymph in the hemocoel.  Cellular and cell-mediated 
immune responses include phagocytosis, phenoloxidase cascade-derived melanization 
responses such as encapsulation and nodulation in insects, and, in Crustacea and 
Merostomata, coagulation.  Humoral immune responses consist largely of the production of 
a variety of antimicrobial peptides (Vazquez et al. 2009, Charroux and Royet 2010). 
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 A significant body of literature has developed surrounding arthropod innate immunity, 
with much work focusing on the production of antimicrobial peptides.  Increasingly, however, 
antimicrobial peptide production is being shown to be a relatively slow-acting response in 
the hemocoel.  By the time antimicrobial peptide production is fully active, the vast majority 
of pathogens present have already been eliminated by other, faster acting immune 
responses such as phagocytosis (Hillyer et al. 2003, Bartholomay et al. 2004, Haine et al. 
2008a).  Phagocytosis of pathogens in the hemocoel is rapidly performed by hemocytes.  In 
species of arthropods heavily reliant on phagocytosis as a defense against pathogens, 
infection is rapidly cleared.  For example, in the tick, Dermacentor variabilis, injected E. coli 
is eliminated from the plasma of the hemolymph within 6 hours, with the few bacteria still 
surviving internalized in vesicles or aggregations of hemocytes (Ceraul et al. 2002).   
This study compared the phagocytic immune responses among three subphyla of 
Arthropoda: Chelicerata, Crustacea, and Hexapoda, and introduces a technique for the 
automated quantification of hemocytic phagocytosis that may be extended to all arthropods 
from which hemolymph may be collected.  Because hemocytes have often been described 
on a species-specific basis, the nomenclature and morphological description of functionally 
similar (and often analogous) cells varies markedly (see Hillyer and Christensen 2002).  
Generally in arthropods, one type of hemocyte performs most of the phagocytosis, but this 
cell type may also have other physiological and immune capacities such as wound healing 
(Babcock et al. 2008) or the synthesis of proteins involved in cuticle formation (Sass et al. 
1994).  In decapod crustaceans, including Litopenaeus vannamei (Pacific white shrimp), 
phagocytic activity is principally performed by small granular granulocytes, and to a lesser 
extent large granular granulocytes (Hose et al. 1990).  Hyaline cells, a morphologically and 
functionally distinct cell lineage, are not specialists in phagocytosis but may sometimes be 
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induced to phagocytose pathogens, a situation documented in, but not limited to, decapods 
(Lee et al. 2001).  In the mosquito Aedes aegypti, most phagocytosis is carried out by 
granulocytes.  These multi-purpose immune cells are phagocytic in many arthropod species; 
in mosquitoes, granulocytes are the most abundant hemocyte type documented comprising 
about 90% of total circulating hemocytes (Hillyer and Christensen 2002, Castillo et al. 2006).  
In Manduca sexta (tobacco hornworm), there is evidence that both granulocytes and 
plasmatocytes, which are pleiomorphic cells lacking major granular inclusions, are involved 
in phagocytosis with some hemocyte specific specialization towards different types of 
particulate materials (Ling and Yu 2006).  In contrast to these examples, there is a paucity of 
descriptions of the particular hemocyte populations responsible for phagocytosis of 
pathogens in arachnid species.  Studies performed with the castor bean tick, Ixodes ricinus, 
a close European relative to the North American Ixodes scapularis, indicate that phagocytic 
activity is largely specific to the granulocytes (Kuhn and Haug 1994, Borovickova and Hypsa 
2005). 
 Larger insects with a greater volume of hemolymph typically have a greater number 
of hemocytes than smaller insects with a concomitant smaller volume of hemolymph and 
this likely holds true among the arthropods (Chapman 1998).  The concentration of 
hemocytes in the hemolymph may vary markedly even within a single species depending on 
the developmental stage or age of the arthropod (Hillyer et al. 2005, Xylander 2009).  
Variation in the concentration of hemocytes in the hemolymph may range over an order of 
magnitude within a few days (Rizki and Rizki 1992).  Phagocytosis is non-destructive to the 
involved hemocytes, unlike the other cellular-derived immune responses of melanization, 
coagulation, and encapsulation.  Because of this, in smaller, hemocyte-limited organisms 
phagocytosis may play a more significant role in the suite of immune responses that are 
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elicited post-infection.  Because of the importance of a rapid acting cellular immune 
response, and because smaller arthropods have fewer recruitable hemocytes available, we 
hypothesize that an increasing proportion of phagocytic hemocytes in the total population of 
circulating hemocytes is largely commensurate with decreasing body size. 
Comparative analysis of the phagocytic capacity of hemocytes between and within 
organisms is difficult to quantify in a large-scale systematic manner.  Most attempts rely on 
determining the proportion of phagocytosing hemocytes by microscopically counting 
hemocytes that contain engulfed particles, a technique which has been utilized in arthropods 
but little improved upon for decades (Rabinovi.M and Destefan.Mj 1970, Matozzo and Marin 
2010).  This labor-intensive technique has several drawbacks:  the proportion of 
phagocytosing hemocytes in organisms with many hemocytes must be extrapolated from a 
small subset of manually counted hemocytes, only the hemocytes from a relatively small 
number of individual organisms may be counted, and there is potentially a degree of user 
subjectivity involved.  The assay introduced in this report avoids these issues by automating 
the calculation of phagocytosing hemocytes using flow cytometry.  This technique greatly 
increases the number of observable hemocytes per sample, the number of organisms that 
can be processed, and the degree of statistical confidence due the high number of 
observable cells.  Additionally, user subjectivity is avoided by establishing objective, 
consistent criteria in the determination of particulate phagocytosis.  We also demonstrate 
that this technique is applicable with only slight variation in protocol to determine the 
proportion of phagocytic hemocytes in a taxonomically wide variety of arthropods.  
Furthermore, this technique begins to delineate morphologically-based subpopulations of 
cells.        
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4.2 Materials and Methods 
4.2.1 Organisms 
 Arthropods used in this study included the following: 3 species of hard ticks (Acari: 
Ixodidae), the lone star tick, Amblyomma americanum, the American dog tick,         
Dermacentor variabilis, and the blacklegged tick, Ixodes scapularis; the Pacific white shrimp, 
Litopenaeus vannamei (Decapoda: Penaeidae); the tobacco hornworm, Manduca sexta 
(Lepidoptera: Sphingidae); and the yellow fever mosquito, Aedes aegypti (Diptera: 
Culicidae).   
 Amblyomma americanum, D. variabilis, and I. scapularis were acquired from the 
Oklahoma State University Tick Rearing Facility.  Adult ticks were ordered monthly and 
stored until use in screened vials sealed within darkened desiccators humidified with a 
saturated solution of potassium nitrate (KNO3) to maintain a constant 93% RH at 22ºC 
(Winston and Bates 1960).  Only flat (unfed) ticks were used in these experiments.   
 Specific pathogen-free Litopenaeus vannamei were acquired from Shrimp 
Improvement Systems (Islamorada, FL) as postlarvae (PL12).  Upon arrival, postlarvae were 
reared in 1360 L fiberglass tanks filled with dechlorinated municipal water salinated with 
Crystal Sea Marinemix (Marine Enterprises International, Baltimore, MD).   Water conditions 
were maintained at 25 ± 2ºC, salinity 22 ± 2 parts per thousand, with constant airstone 
aeration.  Each tank was equipped with a carbon filter and an oystershell airlift biofilter.  
Experimental animals were fed a commercial shrimp pellet (Rangen, Buhl, ID) and reared 
until they were approximately 12 g in weight. 
 Fourth instar Manduca sexta (~1 g), acquired from Carolina Biological (Burlington, 
NC), were reared from eggs and fed on an artificial diet (Southland Products Inc., Lake 
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Village, AR).  Larvae were reared and maintained in an environmental chamber at 27ºC ± 
1ºC and 70% ± 5% relative humidity with a 16:8-hour photoperiod. 
   Aedes aegypti (Liverpool strain) larvae were reared in distilled water and fed ad 
libitum with a slurry of ground TetraMin fish food (Tetra, Blacksburg, VA).  Adult mosquitoes 
were maintained in an environmental chamber at 27ºC ± 1ºC and 70% ± 5% relative 
humidity with a 16:8-hour photoperiod. One to 2 day old unfed adult females were used in 
these experiments because they have more hemocytes in circulation than older mosquitoes 
(Christensen et al. 1989, Hillyer and Christensen 2002, Hillyer et al. 2005, Castillo et al. 
2006).   
4.2.2 Arthropod injections 
 Red-fluorescent carboxylate-modified polystyrene beads, 1 µm in diameter 
(Fluospheres, cat. no. 8821, Invitrogen), were injected into all species of arthropods to 
measure the proportion of phagocytic hemocytes out of the total hemocyte repertoire.  The 
aqueous solution of stock beads consists of 2% solids equivalent to approximately 3.7 x 108 
beads per ml.  The volume and concentration of beads injected varied between species 
depending largely on hemolymph volume and hemocyte quantity.  Larger organisms with a 
greater volume of hemolymph were injected with greater quantities of beads to ensure 
saturation of all hemocytes inclined toward phagocytosis.  The 3 species of ticks were 
injected with 0.2 µl of beads diluted from stock 1:10 (9.1%) in Shen’s tick saline (Oliver et al. 
1972).  This equates to ~6,700 beads injected into each tick.  Control specimens were 
injected with 0.2 µl of tick saline.  Litopenaeus vannamei individuals were injected with 100 
µl of beads into the pericardial cavity.  This corresponds to approximately 3.7 x 107 beads 
per organism.  Control specimens received injections of 100 µl of shrimp saline (Okumura et 
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al. 2005).  Fourth instar M. sexta were injected with 5 µl of beads at stock concentration 
equivalent to 1.8 x 106 beads per organism and controls were injected with 5 µl of 
phosphate-buffered saline (PBS).  Adult female Ae. aegypti were each injected with 0.5 µl of 
beads diluted from stock 1:80 (1.2%) in Aedes saline (Hayes 1953) equivalent to ~2,200 
beads per mosquito, an effective dosage based on preliminary experimentation.  Control 
specimens were injected with 0.5 µl of Aedes saline. 
4.2.3 Injection and hemolymph collection techniques 
 The methods used for injecting beads and obtaining hemolymph varied greatly 
between the species sampled due, primarily, to each species’ hemolymph quantity and 
accessibility.  For injection, the 3 species of ticks were placed on double-sided tape on an 
angled platform placed on the stage of a dissecting microscope.  A pulled-capillary pipette 
needle was filled with 0.2 µl of beads and placed on an insulin syringe mounted on a 
micromanipulator.  The needle was maneuvered to the immobilized tick, pierced through 
cuticle between the genital opening and anus where the beads were injected.  Care was 
taken to wait several seconds to allow the injected inoculum to enter circulation and to 
minimize seepage of hemolymph from the injection site after the needle was removed.  After 
a predetermined time point, hemolymph was removed by severing a foreleg with iris scissors 
while holding the tick wrapped in a piece of tape to avoid applying pressure to the body.  
The droplet of hemolymph which then formed was dipped directly into fixative. 
 Litopenaeus vannamei were injected using a sterile 26-gauge needle guided into the 
pericardial cavity lateral to the nerve cord.  A small amount of hemolymph was aspirated into 
the needle first to ensure proper placement of beads into the hemolymph of the pericardial 
cavity.  Hemolymph was later extracted from the shrimp by piercing the pericardial cavity 
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with a sterile 26-gauge needle preloaded with fixative and drawing out the desired volume of 
hemolymph.  The immediate mixing of hemolymph and fixative inhibited the rapid 
coagulation inherent to this organism.   
 Manduca sexta were injected by loading a glass capillary needle with the appropriate 
dosage, attaching it to an insulin syringe, and injecting by hand through a lateral joint 
between segments.  Care was taken to inject deeply enough to penetrate the layer of fat 
body beneath the epidermis, but at an angle oblique enough to avoid piercing the gut.  
Hemolymph was extracted by severing a proleg with sharp forceps and allowing the 
peristaltic movement of the larva to gently expel the fluid into a fixative bath of known 
volume.  After acquiring ~100 µl of hemolymph, the resulting total volume was measured 
and adjusted to achieve the desired, consistent hemolymph concentration of 10% 
hemolymph in fixative. 
Aedes aegypti were injected using a pulled glass capillary needle mounted on a 
micromanipulator while the mosquito was immobilized on a vacuum saddle (Parikh et al. 
2009). Injected mosquitoes were then returned to the incubator in a carton and fed on a 
10% sucrose solution (w/v). At time points of interest, mosquitoes were aspirated from the 
carton and cold immobilized for perfusion by methods described previously (Beerntsen and 
Christensen 1990). Briefly, the last two abdominal segments of a cold immobilized mosquito 
were torn with sharp-tipped forceps before it was placed on a vacuum saddle. Hemolymph 
was then displaced using Aedes saline injected through the cervical membrane and 
collected directly into fixative.  Two drops of perfused hemolymph were collected from each 
mosquito to maximize the number of hemocytes obtained. 
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Hemolymph was placed directly into fixative to prevent the adhesion and subsequent 
loss of hemocytes.  Hemolymph collected from ticks, M. sexta, and Ae. aegypti was fixed in 
4% PBS-buffered paraformaldehyde.  Litopenaeus vannamei hemolymph was fixed directly 
into ice-cold 4% shrimp saline-buffered paraformaldehyde (Okumura et al. 2005). 
4.2.4 Sample preparation and flow cytometry 
 Hemolymph from small arthropods, i.e., the three tick species and Ae. aegypti, was 
pooled from multiple organisms in each sample to produce enough hemocytes for flow 
cytometric analysis.  Tick hemolymph was pooled from five individuals for each species and 
Ae. aegypti hemolymph was pooled from 40-50 mosquitoes for each sample.   
 By contrast, samples obtained from the large arthropods required additional dilution 
with fixative to reduce the quantity of hemocytes per sample.  For M. sexta, hemolymph 
diluted to 10% by fixative yielded thousands of hemocytes; hemolymph samples of 100 µl 
were diluted into 600 µl of fixative due to the propensity of hemolymph to rapidly clot.  
Samples were then adjusted to a 10% concentration.  Due to the quantity of hemocytes 
present, multiple diluted samples could be obtained from a single organism.  Samples 
obtained from L. vannamei were diluted with fixative to 25% hemolymph volume. 
Syto 16 (Invitrogen) was used to differentiate intact hemocytes from ruptured cells 
and other debris.  For ticks and mosquitoes, 30 µl of the fluorescent nucleic acid stain 
diluted to 0.1% in PBS was added to each pooled sample. Because M. sexta and 
L. vannamei samples contained more hemocytes, 30 µl of 0.3% Syto 16 and 50 µl of 0.4% 
Syto 16 in PBS were added respectively to produce the degree of staining necessary for cell 
detection.  
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Fixed, stained cells were analyzed at the Iowa State University Flow Cytometry 
Facility.  Hemocyte phagocytosis of red fluorescent beads was quantified using the BD 
FACSCanto flow cytometer (BD Biosciences; San Jose, CA).  Sample analysis was 
performed according to protocols developed specifically for this application using FACSDiva 
software from BD Biosciences.  Prior to data acquisition, all instrument thresholds and 
software analysis gates were established based on relevant unlabeled hemocyte 
(unstained), Syto 16-labeled hemocyte (green-only), and bead-only (red-only) calibrating 
samples.   Unstained and green-only control samples were compared to differentiate 
between debris (i.e. non-cellular autofluorescent material) and Syto 16-labeled hemocyte 
populations.  Green-only and red-only control samples were compared to differentiate 
between hemocytes and non-phagocytosed beads.  Each sample was acquired for 
2 minutes at the highest instrument flow rate.  Green-labeled hemocytes (Syto 16) and red-
labeled beads were detected in the FL1 (530/30 band-pass) and FL3 (610/20 band-pass) 
instrument parameters, respectively.  Data analysis was limited to hemocytes by selection 
based on the green fluorescent signal and then displaying the hemocyte associated in a 
dual-parameter logarithmic dot plot of green vs. red signal (Figure 4.1).  A phagocytic index 
was calculated for each sample by counting non-phagocytic (green+ red-) and phagocytic 
(green+ red+) hemocytes to determine their relative number. 
4.2.5 Phagocytic index 
 The phagocytic index value is equal to the number of hemocytes observed 
phagocytosing injected particles divided by the total number of hemocytes recorded (Hillyer 
et al. 2005).  A value for each sample was calculated to determine the proportion of 
hemocytes involved in phagocytosis of red-fluorescent beads.  The phagocytic indices were 
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calculated separately for each population when different hemocyte populations could be 
discriminated based on variation in size, density, and degree of nucleic acid staining. 
4.2.6 Light microscopy  
Phagocytosis of beads was independently verified by microscopic observation to 
ensure that beads were internalized in hemocytes rather than adhering to the cell 
membrane (Figure 4.2).  Samples were observed at 100X - 400X magnification using a 
Nikon Eclipse 50i fluorescence microscope (Melville, NY) under UV light (EXFO, 
Mississauga, ON) equipped with a TRITC HyQ filter set (Chroma, Rockingham, VT). Images 
were captured using a Digital Sight DS-2Mv camera and NIS Elements, version 2.3 software 
(Nikon, Melville, NY). 
4.2.7 Live Imaging 
To make certain that the injected beads were completely saturating the pericardial 
cavity in L. vannamei, a preliminary experiment was performed using a Kodak Whole Animal 
Imager (Kodak, Rochester, NY) to visualize bead dispersal in live shrimp.   
4.2.8 Statistics 
 Statistical differences between species of ticks were determined using two sided t-
tests and ANOVA.  Statistical significance was determined based on a value of α = 0.05. 
 
4.3  Results 
 Flow cytometer scatter-plot outputs (Figure 4.1) were analyzed to delineate 
hemocyte populations based on nucleic acid staining and the presence or absence of a red-
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fluorescent signal.  Phagocytic indices of the hemocytes for the red-fluorescent beads then 
were calculated for each of the six species examined (Figure 4.3).   
 Phagocytic indices varied greatly between taxa.  Smaller arthropods with fewer 
circulating hemocytes, including the ticks and Ae. aegypti, displayed significantly higher 
phagocytic indices than the larger arthropods 1 hour post-injection (h.p.i) as indicated in 
Figure 4.3.  The highest proportion of phagocytic cells was observed in Ae. aegypti (mean 
weight 2.6 mg) with a phagocytic index of 41.8%.  The two largest arthropod species 
observed had the lowest phagocytic indices.  In L. vannamei (12.2 g), the mean phagocytic 
index was 7.5% and in 4th instar M. sexta (0.94 g), the mean phagocytic index was 9.1%.  
 In addition, it is possible to differentiate varying populations of hemocytes based on 
the degree of nucleic acid staining and scatter profiles as measured by the flow cytometer.  
In the mosquito and the three species of ticks examined, a population of small, low-density 
cells could be differentiated from a population of larger, higher-density cells (Figure 4.4).  
Both populations of cells phagocytosed beads to varying degrees indicating that these cells 
are intact hemocytes rather than cell fragments or non-phagocytic cells, such as fat body.  
Figure 4.5 shows the mean size and density of the two populations of cells found in 
A. americanum.  The two larger sized tick species, A. americanum and D. variabilis (with 
mean weights of 2.7 mg and 5.1 mg respectively), exhibited a higher proportion of large 
cells to small cells and the large-sized population of cells presented significantly higher 
phagocytic indices in these species than did the small cells.  In contrast, the smallest 
examined species of tick, I. scapularis (1.5 mg), demonstrated a higher proportion of the 
small-sized cell population, and these cells were more actively phagocytic (22.1%) than 
those present in the other species of ticks (4.1% in D. variabilis and 7.6% in A. americanum) 
when examined at 1 h.p.i. (Figure 4.6).  Amblyomma americanum demonstrated a markedly 
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higher degree of phagocytosis by the large hemocyte population (32.5%) than D. variabilis 
(20.2%), but no significant difference from I. scapularis (26.1%).  Overall, the phagocytic 
index in I. scapularis was significantly higher (26.2%) than that of D. variabilis (14.4%), but 
was not significantly different from that of A. americanum (20.7%). 
 Syto 16 produces a green fluorescent signal after binding to the nucleic acids 
present in a cell.  Cells that hold more nucleic acids bind more stain and produce a brighter 
fluorescent signal.  An example of differential nucleic acid staining of cells is apparent in the 
Ae. aegypti scatter plot output presented in Figure 4.1.  Variation in the intensity of Syto 16 
staining, mapped onto the x-axis, divides the cells into 5 fairly distinct populations.  Of these, 
the population with the lowest intensity of nucleic acid staining demonstrated very little 
phagocytosis of beads suggesting that these may be cellular contaminants, possibly muscle 
cells or loose nuclei from lysed hemocytes. 
 In L. vannamei, variation in the degree of nucleic acid staining clearly demarcates 
two populations of cells, one with relatively low levels of nucleic acid staining, and the other 
with higher levels of staining.  Both populations were involved in bead phagocytosis, but the 
lesser-staining population had a phagocytic index approximately twice that of the higher 
nucleic acid population.  It is uncertain whether these populations truly indicate different 
types of hemocytes. It is, however, unlikely that either cell population represents clumps of 
multiple cells aggregated around beads due to the noncontiguous distribution of the 
populations (Figure 4.7). Results from the live whole animal imager indicated full saturation 
of the pericardial cavity and beyond with undiluted, stock-concentration beads (Figure 4.8).     
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4.4  Discussion 
 The results from these experiments underscore the importance of hemocytic 
phagocytosis in the suite of immune response of some arthropods.  Of the arthropods 
examined, organisms with fewer hemocytes seemed to rely more on phagocytosis of beads 
as indicated by high phagocytic indices.  Organisms with large quantities of hemocytes, 
such as L. vannamei and M. sexta, dedicated a lower proportion of hemocytes to  
phagocytosis, and are known to readily expend hemocytes in hemocyte-intensive immune 
strategies based on coagulation and nodule formation (Kanost et al. 2004).  In addition to 
having more hemocytes available in circulation, both adult shrimp and larval insects are 
capable of producing new hemocytes in specialized hematopoietic tissues (van de Braak et 
al. 2002, Nardi et al. 2003).  In these cases, hemocytes may not represent such a limited 
resource as in adult insects or other arthropods. 
The proportion of hemocytes that phagocytose beads also may be a function of the 
proportion of circulating hemocytes specializing in phagocytosis.  In L. vannamei, the mean 
proportion of phagocytic hemocytes was 7.5%, comparable to the <10% proportion of known 
phagocytic hemocytes typically present in Penaeid shrimp hemolymph, indicating that the 
majority of cells with phagocytic capacity had phagocytosed beads (Martin and Graves 
1985, Sung et al. 1999).  The majority of hemocytes in decapod crustaceans are hyaline 
cells that rupture in the presence of pathogens to produce the coagulation immune response 
found.  Figure 4.8 shows a mass of beads trapped in the shrimp pericardial cavity by 
coagulation initiated by ruptured hyaline cells following bead injection, illustrating the extent 
of this hemocyte-intensive response.  Hyaline cells are not typically involved in phagocytosis 
(Martin and Hose 1992).    
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Plasmatocytes, in particular, are known to be heavily involved in both phagocytosis 
and nodule formation in M. sexta.  Some small nodules were present in the bead injected 
larvae, but this did not seem to impact the proportion of phagocytic cells, probably due to a 
surfeit of the necessary hemocytes.  Of the hemocytes from 4th instar M. sexta, 9.1% 
showed phagocytic activity at 1 h.p.i.  This result is comparable to the 9% phagocytic index 
amongst all hemocyte types previously observed in 5th instars injected with polystyrene 
beads (Ling and Yu 2006).  Hemocyte types are well-characterized morphologically and 
through the use of monoclonal antibodies in M. sexta (Willott et al. 1994, Beetz et al. 2004).  
However, populations of hemocytes in M. sexta were difficult to distinguish by flow cytometry 
due to overlap of morphological and staining profiles.  Further optimization of the protocol 
would likely allow for increased resolution of hemocyte subpopulations.   
Hemocytes from the mosquito and tick species assayed in these studies 
demonstrated much higher phagocytic indices than the larger arthropods.  Phagocytic 
granulocytes are the most abundant hemocyte type in these species and these organisms 
appear to rely much more heavily on phagocytosis as a short term immune defense.  In 
Ae. aegypti, as many as 90% of total circulating hemocytes may be granulocytes (Hillyer 
and Christensen 2002, Castillo et al. 2006).  This corresponds to the high proportion of 
phagocytic hemocytes (90-94%) observed following perfusion after high-dosage injections of 
E. coli (Hillyer et al. 2005).  Likewise, in Ixodes, granulocytes comprise about 80% of the 
total number of circulating hemocytes (Kuhn and Haug 1994). 
 Flow cytometric analysis of hemocyte phagocytosis may be further expanded to 
examine the effects of injecting additional substances along with fluorescent beads.  Of 
particular interest may be pathogen-associated molecular patterns (PAMPs) which stimulate 
non-self reactions in hemocytes.  PAMPs, such as lipopolysaccharide and peptidoglycan, 
99 
 
are highly conserved among many bacteria and are recognizable to Toll-like receptors of 
many organisms.  In Drosophila, a specialized peptidoglycan recognition protein family 
controls immune responses toward a variety of bacterial proteins and affects cellular innate 
immune reactions including phagocytosis (Kurata et al. 2006).  Injecting PAMPs along with 
fluorescent beads, or beads coated with different surface carbohydrates (Song et al. 2010), 
may alter the short-term phagocytic response of hemocytes toward beads and this would 
likely vary depending on the organism and PAMP used.  Such studies could further our 
understanding of how hemocytes select pathogens for phagocytosis and how varying types 
of microbes are recognized or avoided by the immune system.  Similarly, 
immunohistochemical fluorescent staining techniques could also be used to examine the 
interaction of viruses with hemocytes.  Infection of hemocytes by viruses has been 
documented in lepidopteran larvae and mosquitoes (Engelhard et al. 1994, Salazar et al. 
2007, Parikh et al. 2009).  Flow cytometric analysis could provide a high-throughput system 
aiding in the characterization of arthropod-virus interactions. 
Another application of this technique would be to examine changes in phagocytic 
activity following the knockdown of hemocyte-associated genes of unknown function.  Gene 
silencing through the injection of double-stranded RNA has been used to disrupt immune 
response in some species of mosquitoes, and should be an effective method of gene 
suppression in Ae. aegypti (Huang et al. 2005).  Hemocyte genes associated with immune 
response have been described in Ae. aegypti and hemocyte transcriptome data has been 
published for the mosquito species Anopheles gambiae and Armigeres subalbatus providing 
interesting targets for analysis of changes in phagocytosis following silencing (Aliota et al. 
2007, Bartholomay et al. 2007, Pinto et al. 2009).  Because the function of most genes 
yielded by transcriptome analysis is unknown, this technique could prove invaluable in the 
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analysis of hemocyte-associated gene products and their role in pathogen specific 
responses.  For example, the hemocyte-associated Kill me now protein is involved in 
phagocytosis and degradation in a pathogen-specific manner, i.e. it is involved in the 
degradation of  the Gram-negative bacterium E. coli, but not the Gram-positive bacterium  
M. luteus (Parikh 2011).   Injection of dsRNA has also been demonstrated to silence genes 
in A. americanum, D. variabilis, and I. scapularis (Aljamali et al. 2003, de la Fuente et al. 
2005, Kocan et al. 2009).  In M. sexta, this method of gene silencing has been used to 
compromise the immune response by damaging the ability of plasmatocytes to adhere and 
form nodules (Eleftherianos et al. 2009).  Immune response-associated genes have also 
been identified and effectively silenced in L. vannamei (Han-Ching Wang et al. 2009).  In 
combination with molecular techniques, hemocyte flow cytometry could be used to associate 
genes of unknown function with phenotypes. 
 Although this report has focused on the injection of fluorescent beads as a model for 
pathogenic organisms, this methodology could be extended to examine live bacteria using 
similar flow cytometry techniques.  Following injection with the pathogen of interest, 
hemolymph may be extracted into fixative and fluorescently stained using 
immunohistochemical techniques for detection by flow cytometry.  Though specific protocols 
would likely need to be developed for each organism of interest, antibody staining and flow 
cytometric quantification of phagocytosis of live bacteria could yield invaluable information 
regarding the interplay of hemocytes and pathogens. 
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Figure 4.1.  Scatter plots yielded by flow cytometric analysis of arthropod hemocytes.  The 
boxes delineate populations of hemocytes.  Populations consisting of nucleated cells can be 
separated based on nucleic acid staining (Syto 16; x-axis), and phagocytosis of beads is 
indicated by intracellular red fluorescence (y-axis).  Left: Display of flow cytometer output  
acquired from hemolymph pooled from 5 female D. variabilis ticks and includes non-cellular 
populations composed of debris (low nucleic acid and low red fluorescence)  and loose 
beads (low nucleic acid and high red fluorescence) in addition to the cellular populations.  
Right: hemocytes pooled from 40 female Ae. aegypti mosquitoes.  
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Figure 4.2.  Microscopic verification of the presence of beads in hemocytes showing phase 
contrast images overlaid with FITC or TRITC filter fluorescent images.  Some micrographs 
show green-fluorescent beads (Fluospheres, cat. no. 8823, Invitrogen), otherwise identical 
to the 1 µm diameter carboxylate-modified red-fluorescent beads.  Top row: hemocytes with 
internalized fluorescent beads from I. scapularis, D. variabilis, and A. americanum.  Bottom 
row: hemocytes from L. vannamei, M. sexta, and Ae. aegypti.  Hemolymph from L. 
vannamei and M. sexta was perfused directly into fixative resulting in rounder, smaller-
looking cells.  Living cells from the other species exhibit some spreading due to placement 
on glass microscope slides.  Scale bar indicates 10 µm, and is the same for all images.  
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Figure 4.3.  Mean phagocytic indices of hemocytes exposed to red-fluorescent beads in the 
arthropod species examined at 1 hour post-injection.  Species are represented in order of 
increasing weight, thereby demonstrating a decreasing phagocytic index as more 
hemocytes are available.  Bars indicate standard error.   
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Figure 4.4.  Flow cytometry histograms demonstrating the separation of Ae. aegypti 
hemocytes into two distinct subpopulations based on cell size and density/complexity.  
Figure 4.4A shows small and large cells based on forward scatter (FSC) as a measure of 
cell size.  Figure 4.4B graphs the side scatter (SSC), a measure of cell density or 
complexity, of the two populations of cells.  The orange peak represents cells assigned 
previously to the small population in Figure 4.4A, while the blue peak shows large cells.  
Thus, two cell populations, one large and relatively dense and the other small and less 
dense can be clearly differentiated.   
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Figure 4.5. Two distinct hemocyte populations are evident, based on relative size and 
density, in the tick, A. americanum.  Data points represent mean forward scatter (size, x-
axis) and side scatter (density, y-axis) of hemocytes from each pooled sample of 5 bead-
inoculated ticks after hemolymph was collected at 1 h.p.i.  Numbers were simplified 1000X 
for display purposes.  Mean values for each cell population are plotted for every sample 
processed.   These values include all cells whether or not they were engaged in 
phagocytosis. 
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Figure 4.6.  The phagocytic indices of small and large populations of hemocytes from 3 
species of ticks at 1 h.p.i. using red fluorescent beads.  In I. scapularis, the phagocytic index 
of small hemocytes greatly exceeds the phagocytic index of this cell population in the other 
species.  Error bars indicate standard error.  Statistical differences in phagocytic index 
between comparable cell populations are indicated by the letter above each column.  Small 
cell population differences are indicated by lower case letters, large cell population 
differences by underlined lower case letters, and overall differences by capital letters.     
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Figure 4.7.  A representative histogram showing the division of L. vannamei hemocytes into 
two populations based the degree of nucleic acid staining with Syto 16.  The non-contiguous 
distribution of the peaks indicates that this is not an artifact of the coagulation immune 
response.   
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Figure 4.8.  Fluorescent beads visualized in live, 5 g L. vannamei using Kodak Whole 
Animal Imager.  From left to right, the shrimp were injected with 50 µl of stock concentration 
beads, 50 µl of 2% shrimp saline, and 50 µl of beads diluted 1:100 in saline.  The scale in 
the upper right indicates the degree of bead fluorescence in units of pixel intensity. 
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Chapter 5 
 
Coordination between the Antimicrobial Peptide Defensin 1 and 
Hemocyte Phagocytosis in Elimination of Escherichia coli from the 
tick Dermacentor variabilis 
 
Jonathan D. Oliver, Patrick D. Jennings, and Lyric C. Bartholomay 
 
Abstract 
 Vector competence, an assessment of a vector’s facility to support the development 
of and transmit a disease organism, is strongly influenced by the vector’s immune response.  
Arthropods are not traditionally thought of as having long term immunity.  However, in 
several species increased cellular and humoral immune responses are evident upon repeat 
exposure to a bacterium.  In this study, after repeated exposure to Escherichia coli, 
Dermacentor variabilis ticks showed reduced phagocytosis, with an obvious a-cellular rapid 
depletion of bacteria in the hemolymph.  To test the hypothesis that this acellular bacterial 
lysis was associated with antimicrobial peptide production, transcript for defensin 1 was 
suppressed using an RNA interference approach.  Ticks treated in this manner no longer 
demonstrated a rapid decline in bacterial numbers, and the proportion of phagocytic 
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hemocytes reverted to the level observed in naïve ticks.  This study illustrates the intimate 
immune relationship between hemocytes and the antimicrobial peptides they produce. 
5.1 Introduction 
 Innate immunity in arthropods is characterized by effective, but non-adaptive, 
immune responses such as phagocytosis or encapsulation by hemocytes, and the secretion 
of antimicrobial peptides into the hemolymph and tissues.  The antigen-based adaptive 
immune system of vertebrate animals is absent in arthropods, however elements of the 
innate immune response can provide increased long-term resistance to pathogens (Korner 
and Schmid-Hempel 2004).  Increased survival and clearance of microorganisms from the 
hemolymph in arthropods upon repeat exposure to that species of microorganism, known as 
“immune priming”, has been widely demonstrated among several divergent arthropod 
lineages including isopods, shrimp, Coleoptera, and Lepidoptera (Moret 2006, Roth and 
Kurtz 2009, Hernandez-Martinez et al. 2010, Powell et al. 2011).  The mechanisms involved 
are not entirely understood and may vary between species (Kurtz and Franz 2003, Sadd 
and Schmid-Hempel 2006).    
The cellular phagocytic immune response of arthropod hemocytes provides rapid-
acting defense against pathogenic organisms in the hemolymph (Ceraul et al. 2002, Hillyer 
et al. 2003).  In contrast, the humoral arm of arthropods’ innate immune system, which 
involves the production of antimicrobial peptides, takes hours to manifest, but persists for 
days or weeks (Korner and Schmid-Hempel 2004, Ceraul et al. 2007).  It is postulated that 
phagocytic hemocytes rapidly eliminate the initial invasion of pathogenic microorganisms 
and antimicrobial compounds clear any microorganisms sheltered from phagocytosis to 
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provide added protection against reinfection.  This has been shown in mosquitoes and 
beetles (Bartholomay et al. 2004, Haine et al. 2008a).      
In situations where arthropods are exposed repeatedly to pathogens, it is difficult to 
separate the role and effects of the underlying effector arms of immune response from one 
another. The possibility exists that hemocyte phagocytic response varies with multiple 
exposures to the same microorganism, but that any variation is masked due to the presence 
of antimicrobial peptides stimulated by earlier inoculations.  In ticks, cellular and humoral 
immune responses are largely limited to the phagocytic response of hemocytes, and the 
production of antimicrobial peptides (Taylor 2006).  A limited repertoire of immune 
responses makes ticks ideal candidates for extricating the effects of phagocytosis from 
antimicrobial peptide production using repeated exposures to microorganisms. 
In hard ticks, two defensin isoforms have been characterized: defensin 1 and 
defensin 2 (Ceraul et al. 2007, Rudenko et al. 2007).  In the tick Dermacentor variabilis, 
defensin 2 is expressed in a variety of tissues, including midgut, ovaries, and salivary 
glands, upon exposure to microorganisms (Ceraul et al. 2007).  Defensin 1 is produced 
almost exclusively by the hemocytes, whence it is secreted into the hemolymph plasma 
(Sonenshine et al. 2002).  Expression of defensin 1 is very low at 24 hours after the initial 
bacterial exposure but increases to its maximum level by 48 hours post-exposure and 
expression remains high for at least another 24 hours (Ceraul et al. 2007).  Various studies 
have demonstrated antimicrobial activity of tick defensins toward Gram-positive and –
negative bacteria, yeast, and eukaryotic pathogens (Nakajima et al. 2003, Tsuji et al. 2007, 
Isogai et al. 2009, Saito et al. 2009).  Tools are available to suppress the production of 
antimicrobial peptide transcript in ticks.  RNA-interference induced by the injection of 
double-stranded RNA (dsRNA) has been demonstrated to effectively suppress production of 
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transcript for defensin 1 (Hynes et al. 2008).  We reasoned that, by removing the primary 
antimicrobial peptide in the hemolymph, defensin 1, a change the proportion of hemocytes 
involved in phagocytosis would become discernable. 
5.2 Materials and Methods 
5.2.1 Organisms 
 Unfed Dermacentor variabilis (Say, 1821) ticks were used for all experiments.  Ticks 
were ordered from the Oklahoma State University Tick Rearing Facility, and used within a 
month.  In the intervening time, ticks were kept in gauze-screened vials in a sealed and 
darkened glass desiccator jar.  To maintain a constant level of humidity, a saturated solution 
of potassium nitrate (KNO3) was kept in the desiccator, yielding 93% humidity at 22°C 
(Winston and Bates 1960).  Desiccators, gauze, and vials were autoclave-sterilized before 
use in order to inhibit mold growth. 
Tetracycline-resistant eGFP-expressing Escherichia coli (DH5α) were used 
throughout these experiments.  Prior to injection into ticks, eGFP-E. coli were grown 
overnight at 37°C and quantified by spectroscopic measurement of optical density and serial 
dilution track plating (Jett et al. 1997).  The concentration of E. coli injected into ticks was 
standardized to 13,500 colony forming units (CFUs)/µl.  
5.2.2 Injection and hemolymph extraction 
 Ticks were attached to double-sided tape with the ventral side facing upward.  The 
tape was affixed to an angled platform set beneath a Nikon SMZ645 dissecting microscope 
(Melville, NY).  Pulled-glass capillary tube needles were loaded with 0.2 µl of inoculum at the 
desired concentration.  Loaded needles were maneuvered into position using a 
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micromanipulator (Narishige Scientific Instrument Lab., Tokyo, Japan).  The needle tip was 
placed between the genital opening and the anus for injection.  Multiply injected ticks were 
inoculated at the previous inoculation site to minimize trauma to the cuticle. 
After injection, ticks were stored on moistened tissue in a sealed container.  The 
survival rate, even for ticks receiving three injections, was 100%.  To extract hemolymph for 
microscopic quantification of phagocytosis, ticks were partially wrapped in tape to avoid 
direct pressure upon the body.  A foreleg was then detached with iris scissors and the 
resulting bead of hemolymph, 0.2 - 0.5 µl in volume, was rapidly transferred to a 7 µl droplet 
of Shen’s tick saline on a microscope slide (Oliver et al. 1972).  To aid in the identification 
and counting of hemocytes, 7 µl of Vectashield mounting medium with DAPI (Vector 
Laboratories Inc., Burlingame, CA) was added to each sample before placement of a cover 
slip.   
5.2.3 Quantification of phagocytosis 
 The proportion of hemocytes involved in phagocytosis was quantified using the 
metric of phagocytic index, calculated by dividing the number of hemocytes enclosing 
phagocytosed bacteria by the total number of hemocytes observed (Hillyer et al. 2003).  See 
chapter 3 for details.  Both phagocytic and E. coli-vacant hemocytes were counted for 15 
minutes per sample or until 300 individual hemocytes were counted.  Samples with fewer 
than 50 hemocytes were discarded.   
5.2.4 Microscopy 
Microscopic observations were made using a Nikon Eclipse 50i fluorescence 
microscope (Melville, NY) and photographs were taken with an attached Digital Sight DS-
2Mv camera.  Software analysis was performed using NIS Elements, version 2.3 and 
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version 3.1 (Nikon, Melville, NY).  Fluorescence was generated from a UV lamp (EXFO, 
Mississauga, ON) and observed through a FITC Hy Q filter cube (part no. 96320) or DAPI 
filter cube (part no. 96310; Chroma, Rockingham, VT).  The magnification of all microscopic 
observations ranged from 100X-1000X. 
5.2.5 Verification of phagocytosis 
 The phagocytosis of E. coli by hemocytes was verified by injecting ticks with 0.2 µl of 
500 nM LysoTracker Red DND-99 (Molecular Probes, Eugene, OR), a fluorescent dye that 
stains low pH vesicles in living cells, following injection with bacteria.  Hemolymph samples 
were then observed microscopically, to ensure that bacteria colocalized only with stained 
lysosomes. 
5.2.6 Assay of humoral antibacterial activity 
To determine whether an antibacterial component was present in the humoral portion 
of the hemolymph, and whether antibacterial activity of the plasma increased in ticks 
previously injected with E. coli, a bacterial growth inhibition assay was performed.  Selective 
media cell culture plates of Luria-Bertani growth medium and 1% agar were prepared with 
0.1% tetracycline solution (25 mg/ml).  A lawn of eGFP-E.coli was spread homogenously 
over the agar plates using a bacterial spreader.  Plates were divided into quadrants, and a 
well ~10 µl in volume was poked into each quadrant using a sterile pipette tip. 
Seven days prior to making the cell culture plates, two groups of ticks were injected 
with either 0.2 µl of eGFP-E. coli bacterial broth or 0.2 µl of tick saline.  After making the cell 
culture plates, the hemolymph of 3 ticks (~0.5 µl per tick) from either the E. coli or saline-
injected groups was placed in each of 3 wells on every agar plate, along with 7 µl of saline 
per well.  Into the fourth well on each plate was added 5 µl of ampicillin (concentration 10 
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mg/ml) as a positive control.  The plates were then incubated at 37°C overnight to allow the 
bacterial lawn to grow.   
Because of the low density of the agar, components of the humoral portion of the 
hemolymph soaked into the surrounding agar, while the hemocytes remained in the well.  
Antibacterial components that had soaked into the agar inhibited or reduced the growth of 
bacteria in a radius surrounding the well.  After the bacteria were allowed to grow overnight, 
the region of reduced growth around each well was photographed and measured to 
determine the mean area of reduced bacterial growth for the E. coli and saline injected tick 
groups.  Bacterial growth inhibition assays were replicated three times.  In total, 19 E. coli 
injected and 15 saline injected, pooled tick samples were examined.  
5.2.7 Synthesis of double-stranded RNA 
Defensin 1 dsRNA (dsDEF1) was synthesized in vitro using the MEGAscript® RNAi 
Kit (Ambion).  Briefly, 543 nt of the Dermacentor variabilis defensin 1 A1 (accession number 
AY181027) mRNA transcript was amplified by RT-PCR (primers: DvDef-T7-F, 
5’­TAATACGACTCACTATAGGGAGAATGCGCGGACTTTGCATCTGC; DvDef-T7-R, 
5’­TAATACGACTCACTATAGGGAGATACGTCGACAAAGCGCTTCGG) and the PCR 
product was used for synthesis of dsDEF1 (Hynes et al. 2008).  For negative controls, 
animals were injected with dsRNA for enhanced Green Fluorescent Protein (eGFP).  
Plasmid DNA from eGFP-expressing E. coli was extracted, and a 720 bp region was 
amplified by PCR with primers designed by Dong et al. (2006).  5 - 10 µg of each PCR 
product was transcribed in vitro for 10 hours with T7 RNA polymerase.  dsRNA was purified 
according to the manufacturer’s protocol and eluted with 95°C 10 mM Tris-HCl pH 7, 1 mM 
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EDTA.  The concentration of each dsRNA elution was adjusted to 5 µg/µl under vacuum 
centrifugation at 42°C. 
5.2.8 Evaluation of defensin 1 transcript knockdown 
To verify knockdown of defensin 1 transcript, ticks were injected with dsDEF1 and 48 
hours later received an injection of E. coli. After the second injection, pools of three ticks 
each were removed at 12, 24, 48, 72, and 96 hours, and frozen at -80°C.  As a positive 
control, a pool of three ticks was injected first with dsEGFP, instead of dsDEF1, and two 
days later with E. coli. These ticks were removed and frozen 96 hours after the second 
injection.  All ticks were then transferred to liquid nitrogen and pulverized with an RNase-
free micropestle, and RNA was immediately extracted with the one-step phenol/guanidinium 
thiocyanate method (TRIzol, Invitrogen) for reverse transcription PCR (RT-PCR) analysis of 
defensin 1 knockdown.  Total mRNA was reverse transcribed in triplicate with oligo(dT)20 
primers, and defensin 1 cDNA was amplified (primers: DvVAR1-F, 
5’­CACCTTTTGGGACTGAGTGAA; DvVAR1-R, 5’­CTGCTTGATGATGCCAGAG) with 30 
cycles of PCR (ThermoScript two-step RT-PCR kit, Invitrogen).  Dermacentor variabilis beta-
actin (accession number EF488512) was used as a reference gene (primers: DvActin-F, 5’-
GAGAAGATGACCCAGATCA; DvActin-R, 5’-GTTGCCGATGGTGATGACC).  PCR products 
were analyzed on a 1.5% agarose gel stained with ethidium bromide. 
5.2.9 Evaluation of phagocytic immune response in ticks exposed twice to E. coli 
 In the initial experiments, D. variabilis ticks were injected with eGFP-E. coli bacteria 
either once or twice, and hemocyte phagocytic indices were compared.  Two groups of ticks 
were first injected with either 0.2 µl of E. coli (concentration adjusted to 13,500 bacteria per 
µl) or 0.2 µl of tick saline.  Seven days later, ticks from both groups were injected with 0.2 µl 
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of E. coli.  After 1 hour, hemolymph was extracted from the ticks, and phagocytic indices 
were calculated microscopically.  Fifteen ticks were used for each treatment group in these 
experiments.   
Following the initial comparisons, experiments were performed examining the effect 
of defensin knockdown upon hemocyte phagocytosis in ticks exposed twice to E. coli.  
Three treatment and control groups were included in these experiments: ticks injected once 
with 1 µg dsDEF1 in 0.2 µl ultrapure water, control groups of ticks that were injected with 
1 µg dsEGPF in 0.2 µl ultrapure water, and naïve, uninjected ticks handled in an identical 
manner.  After 48 hours, each of the three treatment or control groups was divided in half.  
One half of each group was injected with 0.2 µl saline, and the other half of each group was 
injected with 0.2 µl eGFP-E. coli at a concentration of 13,500 CFUs per µl.  24 hours later, at 
a time point previously deemed optimal for thorough defensin 1 transcript suppression (see 
results section), all groups of ticks were injected again with 0.2 µl eGFP-E. coli.  Injection 
schedules for the various treatment groups may be found in table 5.1.  One hour after the 
final injection, hemolymph was extracted and examined microscopically to determine the 
hemocyte phagocytic index of each tick.  Eleven to 14 ticks were analyzed for each 
treatment group in these experiments.    
5.2.10 Statistics 
 Statistical analysis was limited to ANOVA and t-test comparisons.  All p-values listed 
in the text are 2-sided. 
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5.3 Results 
5.3.1 Assay of humoral antibacterial activity 
 Pooled hemolymph samples extracted from both E. coli and saline pre-injected ticks 
demonstrated an acellular/humoral antibacterial effect in the form of reduced E. coli growth 
around the wells.  The mean area of reduced bacterial growth was measured around all 
wells containing hemolymph.  In samples of hemolymph extracted from ticks previously 
injected with E. coli, the mean area of reduced or entirely inhibited bacterial growth was 
11.5 mm2 (SE = 1.97).  For pooled hemolymph samples from ticks previously injected with 
saline, the mean area of bacterial growth reduction was 4.6 mm2 (SE = 1.46).  A strong 
significant difference (p-value = 0.00854) was present between the samples.    
5.3.2 Evaluation of defensin 1 transcript knockdown 
 Ticks injected 48 hours previously with dsDEF1 were inoculated with eGFP-E.coli 
and evaluated for the presence of defensin 1 RNA transcript 12, 24, 48, 72, and 96 hours 
later to determine at which time point transcript was most effectively suppressed.  RT-PCR 
amplified product was run on a 1.5% ethidium bromide gel (figure 5.1).  A faint band was 
present in the 12 hours post-injection (h.p.i.) sample, but no band was apparent at later time 
points.  24 h.p.i. was selected for evaluating phagocytic immune response twice E. coli-
exposed ticks previously injected with dsDEF1 because it was the earliest time point 
demonstrating comprehensive transcript suppression. 
 A positive control sample, in which ticks were injected with dsEGFP rather than 
dsDEF1, was evaluated at 96 h.p.i. of eGFP-E. coli.  As expected, RT-PCR amplified 
product from this sample produced a strong band indicating an abundance of defensin 1 
transcript. 
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5.3.3 Microscopic verification of phagocytosis 
Microscopic observation of hemocytes from ticks injected with E. coli and 
Lysotracker verified bacterial phagocytosis by the cells.  All bacteria observed were 
associated with acidified compartments in the hemocytes consistent with having been 
phagocytosed (figure 5.2).  No bacteria were observed incidentally adhered to the exteriors 
of the hemocytes.  Another micrograph showing colocalization of E. coli and lysosomes 
within a hemocyte is shown in chapter 3 (figure 3.2) 
5.3.4 Phagocytic immune response in ticks exposed twice to E. coli 
 Experiments were performed evaluating the phagocytic immune response of ticks 
exposed to two E. coli injections.  Ticks were injected twice, first with either E. coli or tick 
saline.  Seven days later, they were injected with E. coli 1 hour prior to hemolymph 
extraction and phagocytosis quantification.  The mean phagocytic index of ticks previously 
exposed to E. coli was 0.142 (SE = 0.019).  The mean phagocytic index of ticks injected first 
with saline was 0.296 (SE = 0.024), with more than two times as many hemocytes exhibiting 
internalized bacteria.  A strong significant difference was apparent between the treatments 
(p-value < 0.00001).  Fewer bacteria surviving 1 h.p.i. were observed overall in ticks 
previously exposed to E. coli, and there was evidence of recently lysed bacteria in these 
samples.  Figure 5.3 shows micrographs of hemocytes that have phagocytosed E. coli. 
 The phagocytic indices of treated ticks are summarized in figure 5.4.  Naïve ticks 
injected with neither dsDEF1 nor dsEGFP had mean phagocytic indices comparable to 
those of similarly treated ticks in the initial experiments; ticks previously injected with saline 
had mean phagocytic indices nearly twice that of ticks previously injected with E. coli (0.31 
and 0.17, respectively; p-value = 0.00024).  In ticks that were first inoculated with dsDEF1, 
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the statistical difference between the phagocytic indices of ticks exposed to E. coli or saline 
disappeared entirely, indicating that the differences observed between twice and singly 
E. coli-injected ticks can be attributed to the production of defensin 1.  Treatment groups 
that received an initial injection of dsDEF1 both had mean phagocytic indices of 0.28.  
Additionally, there is no evidence of an immune memory-type phagocytic difference between 
ticks injected twice with E. coli in the absence of defensin 1.  
 A treatment group of ticks was injected with dsEGFP rather than dsDEF1 to rule out 
the possibility of phenotypic effects originating from the activation of a nonspecific RNAi 
response, because ticks do not produce transcript for eGFP.  As was the case in naïve ticks 
(not initially injected with dsRNA), a significant difference was noted between the mean 
phagocytic indices for ticks injected first with dsEGFP and then with either E. coli or saline 
(0.19 and 0.31, respectively; p-value = 0.0034).  A comparison between naïve and dsEGFP 
groups showed no significant differences in phagocytic indices for ticks that received either 
E. coli or saline injections (figure 5.4).  The lack of difference between comparable naïve 
and dsEGFP injected groups indicates that nonspecific activation of the RNAi response had 
no effect on the phagocytic index phenotype. 
5.4 Discussion 
 Arthropods lack the antibody-derived adaptive immune response found in vertebrate 
animals.  Despite this, studies have shown that arthropods previously exposed to a bacterial 
pathogen show increased survival and clearance of bacteria from the hemolymph if again 
infected with that same species of bacteria, a phenomenon known as “immune priming” 
(Sadd and Schmid-Hempel 2006).  Mechanisms proposed as an explanation for immune 
priming, which may last for weeks or even between insect generations, have focused 
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primarily on the production of antimicrobial peptides by infected organisms (Moret 2006).  
The possibility remains, however, that an immune priming response might be observable in 
the behavior of phagocytosing hemocytes. 
 In order to determine the level of hemocyte phagocytosis in an induced immune 
priming response, D. variabilis ticks were exposed to an injection of E. coli or saline followed 
by a later injection of E. coli to gauge phagocytic response.  A significant difference in the 
proportion of hemocytes containing phagocytosed bacteria was noted, with ticks pre-
exposed to E. coli demonstrating a markedly lower phagocytic index.  This was due, 
apparently, to a rapid elimination of the bacteria present in the hemolymph.  Examination of 
the antimicrobial activity of the humoral portion of the hemolymph showed a reduction in 
bacterial growth when exposed to hemolymph from ticks previously injected with E. coli 
relative to that of saline pre-injected ticks.   
These results indicated the presence of significantly higher antibacterial activity in 
the humoral portion of the hemolymph from ticks that had been previously exposed to E. coli 
than in ticks injected with saline.  Antimicrobial peptides (AMPs) are known to be produced 
in D. variabilis, and it was deemed that the observed growth reduction was most likely due 
to the presence of one, or more, AMPs in the hemolymph plasma.  Because AMP 
production reaches its maximum level within 48 hours of bacterial exposure (Ceraul et al. 
2007, Haine et al. 2008b), and persists for at least two weeks in the hemolymph (Bulet et al. 
1992, Korner and Schmid-Hempel 2004), the bacterial clearance observed is temporally 
congruent with the action of AMPs.  Results from this experiment and the observation of 
decreased bacterial abundance in the hemolymph of ticks twice-injected with E. coli suggest 
that the hemolymph plasma contained antimicrobial compounds which were responsible for 
rapidly destroying injected bacteria which therefore were not phagocytosed.  As a result, the 
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phagocytic index in ticks pre-exposed to E. coli was lower than in ticks previously injected 
with saline. 
To test whether antimicrobial peptides were responsible for this observed difference, 
and to determine the effects of twice-injected E. coli on the phagocytic immune response in 
the absence of these compounds, further experiments were performed utilizing dsRNA to 
suppress the production of defensin 1 transcript.  Defensin 1 was selected due to its almost 
exclusive production by hemocytes and observed upregulation in the presence of bacteria 
(Ceraul et al. 2007).  Additionally, due to its abundance in the hemolymph, defensin 1 was 
deemed a good target for dsRNA injected directly into the hemocoel. 
 Because the phagocytic response of hemocytes in ticks exposed twice to E. coli was 
effectively occluded by antimicrobial effects of the hemolymph plasma, ticks were injected 
with dsDEF1 in an effort to mitigate the antibacterial effect of defensin 1.  In ticks treated 
with dsDEF1, the notable difference between E. coli and saline pre-injected ticks vanishes 
and the phagocytic indices of both treatment groups become indistinguishable, indicating 
two primary conclusions.  The first is that the observed phagocytic phenotype in twice E.coli-
injected ticks was due to the production of the antimicrobial peptide defensin 1, and that this 
effect could be countered by the RNAi response to knock down any defensin 1 transcript 
induced by bacterial exposure.  The second conclusion is that, in the absence of the 
antimicrobial effect attributable to defensin 1, the phagocytic response showed no variation 
whatsoever between naïve and previously E. coli-exposed ticks.  This observation provides 
additional support for the concept that AMPs are a secondary, but longer term, immune 
effector (Bartholomay et al. 2004, Haine et al. 2008a), supporting the rapid-acting, 
functionally predictable phagocytic response of hemocytes. 
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 Studies involving isopods and decapod crustaceans have demonstrated increases in 
the proportion of hemocytes involved in phagocytosis in organisms previously injected with 
bacteria or experimental vaccines (Roth and Kurtz 2009, Powell et al. 2011).  Other studies 
have shown that an immune priming response may even be entirely absent in some 
organisms, such as damselflies exposed to Micrococcus, a bacterium known to elicit strong 
AMP production in other insects (Bartholomay et al. 2007, Gonzalez-Tokman et al. 2010).  
Studies such as these provide strong indications of the variability of immune priming 
responses between different arthropod species and according to the challenge organism, 
and support the possibility that complex mechanisms underlie this phenomenon.   
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3 days pre-measurement 1 day pre-measurement 1 hour pre-measurement 
dsDEF1 E. coli E. coli 
dsDEF1 saline E. coli 
dsEGFP E. coli E. coli 
dsEGFP saline E. coli 
n/a E. coli E. coli 
n/a saline E. coli 
 
Table 5.1.  Protocols for treatment of ticks by injecting dsRNA and comparable naïve ticks.  
dsRNA injected ticks were injected three times each, in total, and naïve ticks were injected 
twice. Naïve ticks that did not receive injections 3 days prior to phagocytic index 
measurement are marked n/a (not applicable).   
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Figure 5.1.  RNA gel section showing band region for defensin 1 in ticks injected first with 
dsDEF1, then exposed to E. coli 48 hours later.  After E. coli inoculation, ticks were removed 
at the time points noted on the gel and frozen at -80°C for RNA extraction.  The lane marked 
+C is a positive control sample in which ticks were initially injected with saline rather than 
dsDEF1, inoculated with E. coli 48 hours later, and frozen for RNA extraction and 
amplification 96 hours after that.  The lane labeled –C is a no-template control. 
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Figure 5.2.  Overlaid micrographs showing lysosomal activity of a representative phagocytic 
hemocyte.  The micrograph on the left shows a phase contrast image of the hemocyte.  The 
center, FITC filtered image shows EGFP-E.coli within the cell.  The TRITC filtered image on 
the right shows Lysotracker stained lysosomes collocating with the E. coli. 
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Figure 5.3.  Micrographs of representative D. variabilis hemocytes with internalized eGFP-
E. coli.  Phase contrast images are shown above corresponding fluorescent micrographs.  
The scale bar applies to all micrographs in this figure.     
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Figure 5.4.  Phagocytic indices for E. coli in D. variabilis ticks subjected to gene 
suppression, immune challenge, and repeat challenge.  Ticks with defensin 1 suppressed 
(black bars) demonstrate no significant difference in phagocytic response whether subjected 
to a first immune challenge with E. coli or saline, and phagocytic indices observed are 
similar to ticks in the other treatments that received an initial immune challenge of saline 
(letter B).  Ticks not subjected to gene suppression, and eGFP-suppressed ticks show a 
similar pattern in phagocytic indices, with a significant difference between ticks receiving E. 
coli (letter A) and saline as the initial immune challenge.  Letters above bars indicate 
statistical differences or similarities.  n = 11 to 14 ticks for each treatment group.  Error bars 
indicate standard error. G.S.: gene suppression; I.C.: immune challenge; R.C.: repeat 
challenge, n/a: not applicable. 
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Chapter 6 
 
Conclusion 
 
 The tick species examined in this dissertation, Amblyomma americanum, 
Dermacentor variabilis, and Ixodes scapularis are all significant vectors of debilitating and 
potentially fatal disease organisms to humans.  In North America, tick-borne diseases far 
overshadow diseases transmitted by other arthropods in frequency; in fact, tick-borne 
diseases account for more than 75% of all arthropod-borne diseases reported in Iowa from 
2005-2009 (Iowa DPH 2010).  Because of their importance to human and veterinary health, 
the ISU Medical Entomology Laboratory has a history of devoting time and resources to 
increasing our understanding of tick ecology, physiology, and molecular biology.  Research 
recorded in the chapters of this dissertation focus on the medically significant species of 
ticks found in Iowa on an increasingly fine scale with each progressive chapter.   
 In chapter 2 are presented some of the results of the Iowa Lyme Disease 
Surveillance Program (ILDSP), a large-scale, long-term program dedicated to tracking the 
prevalence of vector ticks and their infection with the causative agent of Lyme disease, 
Borrelia burgdorferi.  The ILDSP was initiated in 1990 by Dr. Wayne Rowley, professor 
emeritus in the Department of Entomology at Iowa State University, due to increased public 
concern regarding the presence of Lyme disease in Iowa.  Data acquired from this program 
have allowed us to track the spread of I. scapularis, the vector responsible for the 
transmission of B. burgdorferi in the eastern and midwestern US, through the state as the 
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spatial range of this species has expanded.  Range expansion continued through the first 
decade of the 21st century, until, as of 2010, 65 of Iowa’s 99 counties were infested.  The 
proportion of I. scapularis ticks infected with B. burgdorferi also rose over the observed 
period, until 2010 when 21.1% of nymphs and adult ticks were infected by the bacteria. 
Active surveillance performed at sites containing appropriate I. scapularis habitat 
yielded mixed results concerning the proportion of ticks infected with B. burgdorferi when 
compared to passive surveillance data.  At a site in Clayton County, at which large 
quantities of nymphal ticks were acquired from both active and passive surveillance 
between 2007 and 2009, the rate of nymphal infection was comparable (active = 25.9%, 
passive = 25.7%).  At other sites, tick quantities were lower in either actively-acquired or 
passively-acquired ticks.  In most cases, active surveillance samples demonstrated a 
somewhat lower rate of infection than passively-acquired organisms.  Possibly this is due to 
a sampling bias, coupled with low sample sizes; active surveillance only occurred at one 
location per county, but passive surveillance, based on tick samples mailed in for 
identification, potentially drew from tick populations throughout each county.  Taken as a 
whole, the rate of infection of actively-acquired I. scapularis nymphs from the 8 counties 
sampled was 15.9%, while the state-wide rate of nymphal infection during the same time 
frame was 20.0%.    
 The data summarized in chapter 2 underscore the importance of exploring the 
relationship between vector ticks and the landscape of Iowa.  Understanding this 
relationship allows us to assess the human disease risks associated with ticks and to better 
advise the public and public health officials regarding these risks.  However, I believe that 
for a greater understanding of the relationship between ticks and the diseases they vector, it 
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is necessary to examine their relationship on a smaller scale, and explore the immune 
responses of ticks when exposed to microorganisms. 
 In order to become transmissible, disease-causing microorganisms that have been 
acquired through blood feeding by the tick must gain access to the salivary glands.  As ticks 
feed, they evacuate excess water removed from the host’s blood as saliva, injected back 
into the body of the host animal, a waste elimination strategy that has proved optimal for the 
maintenance of disease cycles between ticks and their vertebrate hosts.  To gain access to 
the salivary glands, most microorganisms must penetrate the epithelium of midgut and cross 
the hemocoel prior to entering the salivary glands, a behavior demonstrated in several 
species of tick-borne bacteria (Ribeiro et al. 1987, Gilmore and Piesman 2000, Santos et al. 
2002, Ueti et al. 2007).  In crossing the hemocoel, however, pathogenic microorganisms are 
subjected to the two primary effector arms of immune response found in ticks:  a cellular, 
phagocytic response by the hemocytes, and a humoral response comprised of the 
production of antimicrobial peptides (AMPs).  Of these two responses, hemocyte 
phagocytosis acts far more rapidly (Bartholomay et al. 2004, Haine et al. 2008a).   
 The phagocytic immune response in ticks was the primary focus of this dissertation.  
Chapter 3 records an extensive observational study examining the phagocytic response, 
quantified by phagocytic index, of the three tick species when exposed to hemocoelic 
inoculations of different model insults.  Injected insults comprised Escherichia coli, a model 
Gram-negative bacterium, Micrococcus luteus, a model Gram-positive bacterium, and red-
fluorescent carboxylate-modified polystyrene beads, a standard model used in the study of 
phagocytosis in arthropods and higher animals, and a material readily phagocytosed by 
hemocytes (Giulianini et al. 2003, Giglio et al. 2008).  Experiments examined the phagocytic 
responses toward the three model insults at multiple time points and used flow cytometry to 
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define morphologically-based populations of cell types, and assess their roles in 
phagocytosis.  
 Data acquired from these experiments were extensive and demonstrated significant 
variability in phagocytic indices between the tick species in their responses to the model 
pathogens.  The phagocytic reaction to E. coli showed the most variability between species, 
while response towards M. luteus, the Gram-positive bacterium, was remarkably 
homogeneous, a condition possibly reflecting homogeneity in the response of hemocytes to 
the presence of peptidoglycan. The phagocytic response of hemocytes to the polystyrene 
beads varied depending on the species of tick and the cell population, as defined by flow 
cytometry.  Small, less dense cells were distinguishable from larger, denser cells and were 
usually less abundant with a lower phagocytic index.  In I. scapularis, however, the 
population of smaller cells represented more than half of cells present at 1 hour post-
injection, and these cells were very actively phagocytic, indicating a reliance upon the 
phagocytic response of these cells apparently not present in the other tick species.  Cell 
sorter experiments and morphological comparisons with published micrographs and 
descriptions support the hypothesis that this small cell population corresponds with 
prohemocyte-like cells, a previously characterized hemocyte type in ticks (Kuhn and Haug 
1994, Borovickova and Hypsa 2005).  Unlike Borovickova and Hypsa, however, we saw no 
intermediate forms representing an ontogenic lineage between the prohemocyte-like cells 
and granulocytes. 
 Flow cytometry allowed us to examine large quantities of cells individually to 
determine cellular and phagocytic characteristics such as cell size, cell density/complexity, 
and the presence or absence of fluorescent markers verifying the existence of an intact 
nucleus and defining whether the cell had phagocytosed fluorescent beads.  Quantifying 
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these characteristics in large numbers of cells allowed for the separation of morphologically-
based cellular populations with differing capacities to phagocytose the carboxylate-modified 
beads.  Chapter 4 contains details on performing flow cytometry to examine hemocyte 
phagocytosis, a technique that may be adapted for use with a variety of organisms.  In that 
chapter, I described how flow cytometry was performed on a variety of fluorescent bead-
injected arthropods including the three species of common human-biting ticks of Iowa, the 
mosquito, Aedes aegypti, the moth, Manduca sexta, and the decapod crustacean, 
Litopenaeus vannamei.  An interesting trend, apparent when comparing the phagocytic 
indices of these organisms, is that greater mass, with an attendant greater volume of 
hemolymph, correlates negatively with phagocytic indices; i.e. larger arthropods have lower 
phagocytic indices even after bead injection dosages are adjusted for size.  This trend is 
borne out in the literature regarding arthropods not examined in this manuscript, such as 
American cockroaches and walking sticks (Lackie and Holt 1989, Scapigliati and Mazzini 
1994).  Possibly, this is a reflection of the relative values of hemocytes to these animals; 
smaller organisms with fewer hemocytes conserve cells by relying more heavily on 
phagocytosis but larger organisms may utilize more hemocyte-destructive immune 
strategies.   
 Unlike vertebrates, arthropods lack an antigen-based adaptive immune response.  
Recent research, however, has shown that some species, having been previously exposed 
to bacterial inoculation, demonstrate an increased rate of survival when later exposed to 
higher dosages of the same bacterial species that often prove lethal to naïve animals.  This 
concept is known as immune priming (Sadd and Schmid-Hempel 2006).   Some evidence 
exists, in isopods and decapod crustaceans, that an immune priming response increases 
the rate of hemocyte phagocytosis (Roth and Kurtz 2009, Powell et al. 2011).  Others have 
asserted that the increased survival rate of primed organisms is due to the production of 
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AMPs (Moret 2006).  Having already constructed a framework for testing phagocytosis in 
ticks exposed to bacteria, we had an ideal system in place for examining the possibility of 
immune priming and its underlying immune mechanisms in ticks. 
 In chapter 5, experiments are described in which we explored the possibility, and 
underlying mechanisms, of immune priming in the tick, D. variabilis.  Initial, multiple 
injections of E. coli yielded a decline in the phagocytic index of ticks previously inoculated 
with bacteria relative to the naïve organisms.  This was in contrast to the results observed by 
authors experimenting with crustaceans who had noted an increase in the proportion of 
phagocytic hemocytes (Roth and Kurtz 2009, Powell et al. 2011).  Ultimately, it was 
determined that the observed decrease in phagocytic index was due, not to a change in the 
phagocytic nature of the hemocytes, themselves, but to a decline in the overall quantity of 
bacteria present in the hemolymph 1 hour after the second injection with E. coli.  We 
postulate that this drop in bacterial numbers was caused by the presence of antibacterial 
components of the hemolymph plasma, most likely the AMP defensin 1.  To eliminate the 
confounding effect of AMP production upon the observation of hemocyte phagocytosis, 
double-stranded defensin 1 RNA (dsDEF1) was injected into the ticks prior to E. coli 
exposure and the multiple injection experiments were repeated at time points optimized for 
defensin 1 transcript knockdown.  Injected dsDEF1 effectively silenced production of 
defensin 1 RNA, allowing for accurate comparison of phagocytosis in E. coli-primed and 
naïve ticks.  In the absence of defensin 1, no notable differences in phagocytic indices were 
observed between naïve and previously E. coli-exposed ticks, indicating that the phagocytic 
response of hemocytes did not vary due to previous bacterial exposure, but that longer term 
production of defensin 1 provided increased protection against re-exposure. 
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 The goal of this project was to attain a more thorough understanding of three disease 
vectors important to public health in Iowa by exploring their place in the environment of the 
state, and their immune responses in reaction to infection by model microorganisms.  By 
studying ticks on a variety of levels, ecological, organismal, cellular, and molecular, I have 
constructed a more stable scientific foundation than if I had examined only a single aspect.  
Extensive future studies will, of course, be necessary to unravel the complexities found in 
these tiny organisms, particularly in understanding the intricacies of innate immune 
response and its impact upon disease transmission.  A logical outgrowth of this research is 
to examine the underlying immune mechanisms of phagocytosis and antimicrobial peptide 
production in vector and non-vector ticks exposed to actual pathogens rather than model 
organisms.  For example, comparing the hemocyte phagocytic responses of D. variabilis 
and I. scapularis inoculated with Rickettsia rickettsii, an organism known to invade the 
hemolymph prior to salivary gland and ovary infection, could illuminate an immune barrier 
avoided in the former tick species, but barring infectivity in the latter.   
 A further useful avenue of exploration based on this dissertation’s foundation would 
be to expand the flow cytometry technique described in chapter 4 to detect model bacteria 
and pathogens rather than just fluorescent beads. 
Regarding the multiple-injection experiments detailed in chapter 5, several avenues 
of future research are apparent beyond just duplicating the experiments with tick-vectored 
pathogens.  Determining the presence of immune priming on an organismal level by 
evaluating differences in survival rates between naïve organisms and those multiply-
exposed to a pathogenic bacterium has not been performed in ticks or any arachnid.  
Another area in which these experiments could be expanded is determining whether similar 
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results could be induced by injecting lipopolysaccharides or other immune response-
activating molecules, rather than the actual bacteria, themselves. 
It is my hope that the research recorded in this dissertation, and future research built 
upon this work, contribute to our understanding of the ecological role of ticks, exploration of 
the intertwining relationships between their immune responses and the organisms they 
vector, and aid the growth of science. 
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